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1 Motivation  1 
1 Motivation 
Since the public attention towards climate change was raised in the 1960s by the question of 
how rising levels of atmospheric carbon dioxide might affect climate, studies on increasing air 
temperature gained importance. The IPCC Report 2001 (IPCC, 2001) gave another push to 
implement anthropogenic climate change issues in the public discussion and was enforced by 
the following editions in 2007 and 2013 (IPCC, 2007; IPCC, 2013). There is consensus among the 
scientific community that man-made global warming and an increase in temperature variability 
are likely to result in a growing number of heat wave episodes in Europe (MEEHL AND TEBALDI, 
2004; SCHÄR ET AL., 2004; SENEVIRATNE ET AL., 2006; DELLA-MARTA ET AL., 2007; FISCHER ET AL., 2007; 
IPCC, 2007; IPCC, 2013). 
The frequency and magnitude of such extreme weather events are expected to further increase 
due to rising temperatures, an intensified hydrological cycle and more vigorous atmospheric 
motions (CHRISTENSEN, 2005). These factors are influenced by a global shift of climate zones 
causing changes of prevailing circulation patterns which are conducive for weather types 
associated with high air temperatures. Even though European summers are supposed to become 
drier on average, severe precipitation events are predicted by many models to occur more 
frequently and with higher intensities (CHRISTENSEN AND CHRISTENSEN, 2003; PAL ET AL., 2004; FREI ET 
AL., 2006). 
The impacts of global climate change will mostly be felt at the regional and local level on which 
possible changes of climatological parameters directly affect human activities and daily life. The 
exposure to high temperatures due to hot summer spells is a threat to human health and well-
being and leads to a higher risk of mortality for vulnerable population groups (HARLAN ET AL., 
2006). This became apparent in 2003 when about 70,000 people died because of the heat wave 
in western Europe (ROBINE ET AL., 2008). Disproportionately affected by heat stress situations are 
residents in urban districts (KUTTLER AND WEBER, 2008), which differ strongly from their 
surroundings due to surface sealing, building structure and anthropogenic heat release. These 
urban characteristics compound the urban heat island effect and lead to higher air temperatures 
in densely built-up areas (OKE, 2001). In order to minimize heat related health risks, an 
understanding of the inner urban temperature distribution is required. Only the identification of 
thermal hot spots permits recommendations regarding behavioral patterns during heat stress 
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situations for vulnerable population groups and urban planning measures for the local 
authorities. 
Besides changing weather conditions and urban structure, the clustering of people further 
contributes to the high vulnerability of agglomerations to climate change impacts. 
Industrialization and traffic development triggered the migration from rural sites to urban areas 
during the 19th century in Central Europe. Motivated by the prospect of higher earnings in 
industrial companies an increasing population drift to the cities could be observed until the 2nd 
World War. The pre-war expansion of urban agglomerations has been going on continuously 
from 1960 until today (HEINEBERG, 2014). Referring to the population prospects by the UNITED 
NATIONS POPULATION DIVISION (2012), this trend is going to continue in the near future. 
Today, almost three-fourths of the German population already lives in cities and the proportion 
of urban residents is expected to even increase in future. At the same time, the total population 
in Germany is going to decrease (UNPD, 2012). An increased expectation of life and decreasing 
birth rates further indicate an aging society (DESTATIS, 2011). In Germany, people prefer to 
migrate to the countryside with growing age where adult children can support their elderly 
parents. In contrast to this general trend, a study for Aachen shows that the proportion of those 
who migrate into the city increases with growing age (BBSR, 2011). In consequence, the group of 
vulnerable people who will have to cope with negative urban climatological effects is amplified. 
To support sustainable urban development by establishing a basis for relevant stakeholders (e.g. 
political actors and urban planners) three main questions arise: 
1) How is the probability for thermal stress situations going to change in future and what 
are the main reasons for uncommonly high temperatures? 
2) Which city districts are especially affected by thermal load and what are the main factors 
contributing to that development in urban areas? 
3) How can regional climate change be counteracted by urban planning measures and what 
aspects need to be taken into account? 
These questions are discussed in this study using the example of the city of Aachen. The city and 
its surroundings are considered an appropriate testbed because it can be expected that climate 
change impacts and demographic changes match average changes in at least the more western 
parts of Germany. In particular, Aachen shows a natural setting that is typical for German 
middle-sized cities situated on the fringe of a low mountain range adjacent to lowlands. 
Moreover, the multiplicity of preliminary studies that exist for the region of Aachen and 
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available data records facilitate and foster comprehensive research activities and allow for a 
detailed analysis of the temporal evolution of air temperature in the urban environment.  
The following chapter starts with an overview of the project City2020+ in which this study was 
embedded. Chapter 3 follows with the current state of research in urban climate (change), its 
relevance for human health and the measurement approaches that are relevant for this study. 
After a detailed description of the research area and its climatic characteristics in chapter 4, air 
temperature patterns in the city of Aachen are examined (chapter 5). Therefore, a statistical 
regression model was set up based on a new measuring concept in order to identify hot spots of 
thermal load. Building on the current status quo, future estimates of temperature and 
precipitation based on regional climate models are discussed in chapter 6. Changes in frequency 
of weather types that cause thermal stress situations in summer are extracted and assessed in 
more detail. Probable impacts on society are taken-up in chapter 7 when also urban planning 
measures to maintain quality of life are finally addressed. 
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2 Project City 2020+ 
The present study was conducted within the project “City 2020+ - engineering life quality for the 
future”, which was part of the Human Technology Centre at the RWTH Aachen University 
(Germany). The project was funded from 2009 to 2013 by the German Research Foundation 
within the framework of the Excellence Initiative of the German Federal and State Governments. 
Given that the confluence of demographic change, dilapidating infrastructure, and global 
warming will overburden European cities, the city of Aachen was researched with special regard 
to demographic and climate change focusing on impacts, needs and strategies. The aim of 
City 2020+ was to develop scenarios, options and tools for planning and developing sustainable 
future city structures (SCHNEIDER ET AL., 2010; SCHNEIDER ET AL., 2011). 
The adaptation of cities to described changes and their possible dealing with upcoming 
challenges is best investigated in an interdisciplinary approach. Therefore, the project was 
clustered into three research areas (Fig. 2.1): 
 
Cluster I examined Aachen’s social structure and the health status of its citizens in order to 
assess the risks individuals face living and working in these conditions. 
Cluster II identified how in- and outdoor climates in the city and the urban environment are 
correlated and analyzed the extent of local stakeholder’s problem perception and their 
willingness to implement new strategies. 
Cluster III investigated health effects of particulate matter and related air quality issues to the 
historical urban development. 
 
The present study on thermal load in the city of Aachen was part of cluster II and mainly 
connected to social and environmental risks resulting from exceptionally high temperatures. 
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Fig. 2.1: Structure of the research project City2020+ (red: Cluster I, green: Cluster 2, purple: Cluster III)   
(after SCHNEIDER ET AL., 2011). 
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3.1 Urban climate 
Today, more than half of the world’s population already lives in cities and the proportion of 
urban residents is expected to further increase in future. In Germany, almost 74% of the 
population are urban dwellers (UNPD, 2012) who are frequently exposed to environmental 
impacts such as air pollutants, noise and thermal load. This accentuates the major role 
agglomerations must play in mitigation of and adaptation to climate change (EEA, 2009). 
The urban climate is defined as altered climatic and air-hygienic atmospheric conditions in an 
urban area that differ from the surroundings and result from interactions between climate, 
buildings and human activities (HUPFER AND KUTTLER, 2005). Urban climatology focuses on meso-
climatic and micro-climatic processes. This implies processes in the boundary layer of up to 1 km 
height above ground which are affected primarily by surface design and surface features (micro-
climate) as well as processes in air layers with a horizontal spatial extension of up to 100 km 
(meso-climate) (OKE, 2001). 
Local climates depend on the degree of latitude and the respective climate zone and are 
governed by large-scale atmospheric circulation. Strong wind conditions may suppress the local 
influence on the stratum above the ground while during weak wind conditions these large-scale 
effects generally step back behind micro- and meso-scale influences (HELBIG AND SCHIRMER, 1999; 
WIENERT, 2002). 
3.1.1 Structure of the urban atmosphere 
In comparison to rural areas, urban environments are characterized by a three-dimensional 
surface due to the building structure. This interference of urban development into the natural 
landscape causes changes in wind circulation and air temperatures due to modified radiation 
and energy fluxes which in turn affects especially atmospheric layers near the ground (OKE, 
2001). In figure 3.1a a typical vertical stratification of an urban atmosphere with sub-layers 
representing different urban influences is shown. 
According to KUTTLER (2004), the planetary boundary layer in an urban area can be subdivided 
into the surface layer and the mixing layer. Depending on the diurnal cycle, the urban mixing 
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layer can extend to a height of 2 km. The urban/rural boundary layer comprises the air layers 
between the surface (mean roof level/plain terrain) and the upper limit of urban influences. In 
the free atmosphere urban impacts can no longer be detected (KUTTLER, 2004; HUPFER AND 
KUTTLER, 2005). Approaching the lower atmospheric layers the local influence on the flow field 
increases. The lowest atmospheric layer which is adjacent to the surface is defined as the 
roughness sub-layer (Fig. 3.1b), where – within several tens of meters – wind direction and wind 
speed are strongly affected by the local surface structure (ROTACH, 1999). As part of this sub-
layer, the urban canopy layer describes flow patterns between the ground and the mean roof 
level characterized by the density and structure of roughness elements (ARNFIELD, 2003). 
 
Fig. 3.1: Structure of the urban atmosphere(FA: free atmosphere; UCL: Urban canopy layer; BL: Boundary 
layer; UBL: Urban boundary layer; SVF: Sky-view factor; PBL: Planetary boundary layer) (Kuttler, 2004). 
While the layers are elusive at windy conditions, they are much more pronounced during sunny 
and low wind conditions so that the thickness of the whole urban boundary layer can expand to 
some 100 m during daytime. At night, the urban boundary layer measures only some 
decameters. The layer proportions between cities and their surroundings are fairly similar during 
daytime but differ strongly at nights with clear sky conditions (HUPFER AND KUTTLER, 2005) when 
elevated surface temperatures in the urban space are most pronounced (OKE, 2001). After 
sunset, ground inversions arise in the more rural surroundings as the lower air layers cool very 
fast due to radiative cooling at the surface, so that stable conditions are characteristic. 
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Downwind of the city, inversions can attenuate or even dissolve when the urban plume reaches 
the environs of the city and mixes the air layers near the ground by vertical turbulence. This 
process may contribute to the warming and pollution of the boundary air layers in the rural 
surroundings (HUPFER AND KUTTLER, 2005). 
The urban atmosphere stays warm during night due to 
 a reduced long-wave radiative cooling caused by smaller sky view factors (Fig. 3.1c), 
 an increased solar absorption as a result of the lower albedo because of darker surface 
materials and multiple reflections in urban canyons,  
 a greater daytime heat storage of the building masses and subsequent nocturnal heat 
release due to the thermal properties of urban surface materials,  
 an increased Bowen ratio resulting from the removal of vegetative cover and decreased 
water availability,  
 the release of anthropogenic heat into urban canyons and  
 a reduced atmospheric mixing due to poorer ventilation caused by the greater surface 
roughness (see chapter 3.1.2).  
Subsequently, after sunset the warm urban atmosphere contains air masses, which are usually 
stratified labile or neutral at ground level (Fig. 3.2). Thus, inversions which are lifted about  
100 m above the ground occur more often than weak ground inversions (FEZER, 1995). These 
conditions may lead to lower air temperatures in the urban environment at a certain level of 
height than in the rural surroundings (“crossover-effect”) (HELBIG, 1999).  
 
 
Fig. 3.2: Diurnal variation of the temperature gradientover the inner city of Dortmund (Germany) (after 
FEZER, 1995).  
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3.1.2 Urban energy balance 
In order to interpret the air temperature distribution within a city, the role of surface properties 
and anthropogenic heating in the urban system needs to be addressed. Although the thermal 
modification in cities – in contrast to rural areas – is approved, it is difficult to detect the steering 
mechanisms of action. However, as the microclimate is determined by the local energy balance, 
the energy balance equation (Eq. 1) provides relevant information on different energy fluxes at 
the interface between surface and air: 
 Q* + Qanthr + QH + QE + QG + ∆QS + ∆QA = 0 [Eq. 1] 
with Q*=net balance of short- and long-wave radiation, Qanthr=anthropogenic heat release, 
QH=sensible heat flux, QE=latent heat flux, QG=ground energy flow, ∆QS=conduction to or from 
the soil, ∆QA=energy supply and removal by advection. The units are W/m
2 after GEIGER ET AL. 
(2003) and HUPFER and KUTTLER (2005). 
 
The radiation balance (Q*) is the result of all incoming and outcoming energy fluxes. Despite 
measures to prevent air pollution in Central European industrial areas since the 1970s 
(UMWELTBUNDESAMT, 2012), global radiation in urban areas is attenuated compared to rural 
surroundings due to air pollution (HUPFER AND KUTTLER, 2005). Air pollutants further increase 
scattering processes and absorb incoming solar radiation, which result in reduced shortwave 
irradiance in urban areas compared to their surroundings (LANDSBERG, 1981; LAUER, 1999). An 
urban plume might also reduce the outgoing radiation and lead to higher air temperature 
minima leeward (EMONDS, 1986).  
The fraction of reflected incoming radiation (albedo) depends on the solar altitude and angle of 
incidence resulting in a daily and annual cycle of the albedo with a minimum value middays and 
a maximum in the morning and evening hours (AIDA, 1982; GROLEAU AND MESTAYER, 2012). The 
albedo is further influenced by the surface materials. Light surfaces strongly reflect incoming 
solar radiation whereas roofs and pavements in built-up areas often consist of materials that 
possess low albedo values (e.g. bitumen, asphalt or concrete). That implies that a large 
proportion of incoming solar radiation is absorbed (~80%) (OKE, 2001) resulting in higher surface 
temperatures (Fig. 3.3) and, consequently, in higher ambient air temperatures through turbulent 
heat flux from the surface into the lower atmosphere (TAHA, 1997).  
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Fig. 3.3: Diurnal cycle of surface temperature for different materials (after STADT STUTTGART, 1992; KUTTLER, 
2011). 
The albedo of the irregular three-dimensional structure of urban surfaces ranges typically 
between 0.1 to 0.2 (TAHA, 1997; JACOBSON AND TEN HOEVE, 2012) and is about 20% lower 
compared to flat surfaces of the same material (AIDA, 1982). Absorption increases with building 
height as solar energy is trapped by multiple reflections between the canyon structures that tall 
buildings create. Since also the long-wave radiation strikes other surfaces, the heat emissions 
are reduced by absorption as well. The urban geometry can be described by the sky view factor. 
By definition, the sky view factor is the ratio of the radiation received (or emitted) by a planar 
surface to the radiation emitted (or received) by the entire hemispheric environment (WATSON 
AND JOHNSON, 1987). Depending on building heights and street widths, the sky view factor is 
usually decreased in a densely built-up area and reduces radiative loss and turbulent heat 
transfer in the often calm canyon air (UNGER, 2004). 
The level of heat transformation differs between day and night. During the day, the incoming 
solar radiation heats up the roofs while street canyons stay relatively cool due to shading effects 
caused by a dense building structure (WEISCHET, 2008). Given that the warm air at roof level can 
directly ascend into the atmosphere, the air temperature at ground level is almost unaffected. 
At night, air temperature at roof level cools relatively fast while warm air emitting from the 
ground surface is trapped between the buildings (BLÜTHGEN AND WEISCHET, 1980). This shift of 
heat exchange partly explains the larger air temperature differences at night than during the day 
between urban and rural areas at ground level. 
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The anthropogenic heat release (Qanthr) can be described by heat released by traffic, industry, 
households and metabolism (SAILOR AND LU, 2004) and depends on the number of inhabitants 
and their level of energy consumption, the population density, the economic structure, the 
geographical position and topography of the area (NARUMI ET AL., 2009). According to the rhythm 
of life, the maximum Qanthr is reached in the morning and evening hours and can be explained by 
heat from motorized traffic during the rush hours (SAILOR AND LU, 2004). Daytime Qanthr is 
extremely pronounced in those areas where offices, industrial and commercial facilities are 
located (NARUMI ET AL., 2009). Regarding the annual cycle, in extra-tropical locations the highest 
amounts of conductive heat release occur in winter because of the intensive heating load during 
that season (TAHA, 1997; ICHINOSE ET AL., 1999; SAILOR AND LU, 2004).  
The sensible heat flux (QH) can be described as heat transferred between surface and the air 
layer above and is determined by the vertical temperature gradient, the turbulence, the wind 
velocity and the stratification of the boundary layer. For typical urban surfaces such as asphalt or 
concrete, the warmed surface usually conducts energy in terms of heat to the atmosphere. Thus, 
QH is directed upwards from the surface into the ambient air. Building materials offer a larger 
heat capacity and heat conductivity than permeable natural soils so that heat can be effectively 
stored during the day. This energy storage impedes a fast warming of the building materials by 
day and hampers a fast cooling after sunset (HELBIG, 1999) keeping the ambient air temperature 
relatively high even at night due to positive sensible heat flux (OKE, 2001). The influence of water 
bodies and snow cover on urban climate will not be discussed in this study as the focus is laid on 
the summer months and the study area of Aachen does not incorporate any relevant water 
bodies. 
The latent heat flux (QE) is associated with evapo(transpi)ration of water at the surface and 
condensation of water vapor in the atmosphere (SCHÖNWIESE, 2003). The expenditure of energy 
during evaporation results in a decrease of surface temperature. During condensation processes 
latent heat is converted into sensible heat causing a negative QE and increasing air temperature. 
A lack of infiltration and a rapid runoff of precipitation due to impermeable surfaces (e.g. 
pavements) and reduced natural soils and/or vegetation in urban areas reduce the availability of 
water at the surface. Therefore, cooling by evaporation is small resulting in a small latent heat 
flux and, in turn, provoking higher surface temperature (GEIGER ET AL., 2003). The Bowen ratio 
characterizes the energy balance of different surface types by means of the quotient between 
the sensible and latent heat flux (QH/QE). For urban areas, the Bowen ratio is usually >1 
indicating little evaporation but an intensified sensible heat flux (KUTTLER, 2013). 
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The transport of energy through the ground (QG) causes variations of the surface temperature. 
On warm summer days, the energy is conducted from the surface into the ground. At night, the 
opposite flux direction can be observed when the surface cools due to long-wave radiation and 
still positive sensible heat flux  (KUTTLER, 2013). 
The energy storage (∆QS) reflects the modification of diurnal fluctuations of energy 
transformations by means of storage properties of the materials of buildings and other 
infrastructure. Especially, building materials can absorb more energy than natural soils during 
daytime. Hence, more energy can be emitted to the ambient air at night (ASIMAKOPOULOS ET AL., 
2001). 
The term (∆QA) describes the energy supply and removal by advection (OKE, 2001). 
3.1.3 The urban heat island 
Based on the above mentioned characteristics of urban structures and differences to its rural 
counterparts, the most obvious indication of urbanization is higher temperature in the urban 
environment. The temperature difference (Tu-r) can be seen as the totality of changes due to 
man-made alterations of the surface. Dissimilarity of radiative fluxes and turbulent exchanges 
are expressed by the so-called "urban heat island" (UHI) (RIZWAN ET AL., 2008). 
Heat is produced by anthropogenic heat sources such as vehicular traffic, industrial combustion 
or heating/cooling and from solar radiation (Fig. 3.4).  
 
Fig. 3.4: Temperature profile of an urban heat island and determining factors (after NASA, 1999; Rizwan et 
al., 2008). 
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Determining factors for the UHI intensity and extent are assumed to be in particular the sky view 
factor as well as the albedo due to the building design and the construction materials in 
agglomerations (AIDA, 1982; CHEN ET AL., 2012; RYU AND BAIK, 2012), city population (OKE, 1973), 
the proportion of surface sealing, green spaces and water bodies (TAHA, 1997; KUTTLER, 1998). 
Additional factors that influence the UHI are wind speed, cloud cover, climate zone and season. 
The intensity of the UHI is subject to diurnal temperature variability in urban areas compared to 
rural environments (ALCOFORADO AND ANDRADE, 2006) (Fig. 3.5). 
 
 
Fig. 3.5: Typical temporal variation of urban and rural a) air temperature, b) heating/cooling rates and c) 
the resulting urban heat island intensity calculated by subtracting the rural air temperature from the 
urban air temperature (∆Tu-r) (Oke, 1982). 
From sunrise until afternoon heat is absorbed and stored by natural and man-made surface 
structures. Due to a higher heat capacity of buildings air temperature rises slower in the city 
than in the outer conurbation. In the afternoon, the direct solar radiation decreases significantly 
while the diffuse solar radiation still increases. The temperatures drop very slowly and indoor 
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temperatures are highest. Reduced cooling in the urban area from late afternoon until early 
morning keeps the minimum temperature in the city relatively high (FEZER, 1995; OKE, 2001). The 
UHI intensity strongly increases after sunset and is most pronounced between the late evening 
and the early morning (TAYANÇ AND TOROS, 1997; KLYSIK AND FORTUNIAK, 1999; MONTÁVEZ ET AL., 
2000; MORRIS ET AL., 2001; UNGER ET AL., 2001; HEISLER AND BRAZEL, 2010) because the construction 
materials, which have higher heat capacities than natural surfaces (e.g. soils), trigger a gradual 
release of heat by turbulent heat flux that has been effectively stored during the day (OKE, 
1982). This, in turn, prevents cooling of the ambient air and amplifies the canopy UHI. Moreover, 
sparse vegetation reduces evaporative cooling and thus also intensifies the UHI (SAITO ET AL., 
1990/91; BRUSE, 2003). 
With reference to studies by FEZER (1995), GOUDIE (1994), GIESEL (GIESEL, 1988) and OKE (1973) 
who investigated urban/rural temperature differences in Germany, Canada and the United 
States, SCHÖNWIESE (2003) specifies that the annual mean urban/rural temperature differences 
amount to 0.5-1.5 K. KUTTLER (2013) additionally notes temperature differences up to +15 K for 
singular cases. PETERSON (2003) does not find any differences between urban and rural sites 
when investigating 289 weather stations evenly distributed throughout the United States. 
PETERSON (2003) further explains the missing statistical evidence of a significant impact of 
urbanization by the location of urban weather stations which are more likely to be installed 
within parks or gardens than in industrial regions. Thus, it can be expected that cooler 
temperatures are reported although industrial sections of towns or densely built areas show 
higher air temperatures. 
In some cities Tu-r can be negative during the midday period and even form an urban cool island 
(KUTTLER, 1997). It is assumed that an urban cool island is caused mainly by the shading effect of 
buildings, the heat conduction of building materials and a greater relevance of roof levels than 
ground levels as a reference surface for radiation input (HUPFER AND KUTTLER, 2005). 
Urban areas are not heated up homogeneously. UHI can have one or more cores due to various 
land use, be strong or weak and different at the ground and at roof level (HELBIG ET AL., 1999; 
WEISCHET, 2008). 
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Besides a differentiated spatial temperature distribution, three types of vertical UHIs can be 
distinguished (HUPFER AND KUTTLER, 2005): 
 The surface urban heat island expresses the surface temperature difference between 
the urban and rural area and depends on the surface characteristics. Surface 
temperatures are recorded using satellite (e.g. ELIASSON, 1992; NICHOL ET AL., 2009) or 
airborne infrared thermal scanners (e.g. PEASE ET AL., 1976; BÄRRING AND MATTSSON, 1985). 
Unlike satellite-derived data, which usually have a rather coarse spatial resolution (more 
than 50 m), data acquired from aircrafts provide a higher resolution (less than 10 m) and 
are more adequate for micro-scale urban climatology (LO ET AL., 1997). PENG ET AL. (2012) 
show for 419 global big cities that the annual average surface urban heat island is 
stronger during the day than at night. They further identify a positive correlation 
between the nighttime surface urban heat island and differences in the albedo. They 
also find that differences between nighttime light in urban and suburban areas positively 
correlate with the surface urban heat island. The daytime surface temperatures 
correlate negatively with the vegetation cover (PENG ET AL., 2012). 
 The canopy layer urban heat island presents the temperature difference between the 
air within the urban canopy layer (air layer between the surface and roof level) and that 
measured in a rural area outside the settlement. The spatial and temporal 
characteristics of the canopy urban heat island is examined by using observations at 
fixed weather stations and mobile measurements recorded 2 m above the ground. 
Temperature differences are usually highest during night and can be ascribed to the 
expanse of the surface, thermal inertia of buildings and reduced effective long-wave 
radiation due to the small widths of urban canyons. In contrast to the surface urban heat 
island, turbulence and wind velocity have an impact on the ambient air and, hence, the 
development of the canopy urban heat island (MIRZAEI AND HAGHIGHAT, 2010). Moreover, 
the canopy urban heat island is not entirely congruent with built-up areas (OKE, 1976; 
HUPFER AND KUTTLER, 2005). 
 The boundary urban heat island is based mainly on turbulent heat flux. Its extension is 
subject to large-scale wind patterns and thus causes a drift off the urban plume to the 
leeside of the city. This type of urban heat island which addresses the air layer between 
roof level and the upper limit of urban influences (up to about 1 km) is assessed e.g. by 
temperature sensors mounted on towers in urban and rural regions, tethered balloon 
profiles or radiosonde ascents (OKE, 1982; HUPFER AND KUTTLER, 2005). 
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3.1.4 Local interactions with air temperature 
In addition to the geographical situation and large-scale climate patterns, local conditions 
influence the air temperatures in agglomerations and vice versa. The transport of air masses 
within regional and local wind systems is driven by small-scale pressure differences due to 
topography or anthropogenic factors (BECKRÖGE, 1999). Elevated temperatures in the urban area 
create a horizontal air pressure gradient with lower air pressure near the urban ground than in 
the rural environs. Cooler air masses from the rural surroundings converge in the city area near 
the ground and diverge in higher altitudes. 
Another possibility to transport cold and fresh air into the city center is given by the inflow of 
cold air from suburban and rural surroundings. The depth of penetration into the inner city and 
the contribution of these cold air masses to a weakening of the UHI depend on the intensity of 
the UHI, the availability of cold air channels, the cold air productivity outside the city, the flow 
velocity and the cold air volume (LANDSBERG, 1981; BECKRÖGE, 1999). Cold air is best produced by 
lose soils which are characterized by a low thermal conductivity (e.g. lawn or young forest 
plantations). Since the cooling of air within the trunk space is impeded by the ‘insulation’ from 
the tree canopy, forests with high trees cannot be considered as good cold air producing areas. 
Furthermore, cold air usually stagnates in plain forested areas due to low wind velocities. The 
velocity of the cold air stream, the volume and the vertical thickness of the cold air layer depend 
on the area of cold air production and the terrain. In small catchments the vertical thickness of 
cold air masses can amount to several decameters at the foot of a slope. As it is the case for the 
development of an UHI, also the cold air production is strongest during clear sky conditions in 
summer nights when flow velocities around 0.5 to 3 m/sec can be observed (HUPFER AND KUTTLER, 
2005). Cold air movements can be detected about 20 to 30 km downwind of a mountain range 
with altitudes up to 500 m (PLATE, 1982); for Freiburg (Germany) such a wind system could be 
observed for an area 7 km beyond the mouth of the valley (HELBIG ET AL., 1999). Small-scale cold 
air volume flow needs to amount 104 m³/sec to be important in terms of a mitigating effect 
regarding the UHI (HELBIG ET AL., 1999). 
With regard to wind speed (often reduced due to high friction at buildings) and city size, wind 
may have the greatest influence on the nocturnal air temperature and may even impede the 
development of an UHI at night (OKE AND HANNELL, 1970; MÜLLER ET AL., 2014). However, as the air 
exchange in cities is rather poor, the heat transport off the city is often hampered (HUPFER AND 
KUTTLER, 2005).  
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The elevated air temperatures in cities lead to a reduction of relative humidity by about 5% since 
warm air can hold more moisture than cold air. In consequence, less rime, dew and haze occur. 
This situation is intensified by missing vegetation and fewer infiltration areas which amplifies the 
heating of the boundary air layer. Although the relative humidity is generally lower in urban 
areas, turbulence and air pollution might contribute to an increase in precipitation downwind of 
the city (OKE, 2001). In industrial areas, where water vapor is constantly released into the 
ambient air, relative humidity may be locally higher. 
3.2 Temperature measurements 
Knowledge on urban temperature data are a prerequisite for all investigations on the UHI effect. 
Measurements relate either to surface temperature based on remote sensing techniques or 
directly on air temperature measurements. Remote sensing data like infrared surface 
temperature from airborne measuring instruments usually have a very high spatial resolution 
and are presently available for many cities. The spatial resolution is suitable for exhibiting typical 
urban structures that are expected to cause an UHI. Nevertheless, information on surface 
temperature cannot replace air temperature data mainly for two reasons. First, surface 
temperatures are typically only available for single days and second, a significant portion of 
urban surfaces cannot be viewed due to the three-dimensional building structure of the urban 
area (MIRZAEI AND HAGHIGHAT, 2010). It is further assumed that there is no ﬁxed relation between 
surface temperatures which are related to the thermal properties of the surface materials and 
air temperatures which are also influenced by turbulence and wind velocity (MIRZAEI AND 
HAGHIGHAT, 2010). Especially for systematic analyses of the relationship between urban 
structures and air temperature for different weather situations a large data basis of measured 
air temperatures is desirable. 
To record air temperature variations at a height above surface that is relevant for humans, data 
are commonly collected at 2 m above the ground (SVENSSON ET AL., 2002) using fixed weather 
stations. On the one hand, the use of weather stations provides high data accuracy using a well-
known standard technology. On the other hand, the spatial representation of weather station 
data within the urban environment, which is characterized by the surface composition including 
buildings, infrastructure and different types of land use, is very limited. Observations at fixed 
stations only depict air temperature conditions in the immediate vicinity of the station. Since the 
beginning of the 20th century, many efforts have been made to identify temperature patterns in 
urban areas with high spatial resolution instead of only using single point information. Already in 
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the 1920s, PEPPLER (1929) and SCHMIDT (1930) arranged mobile measurements using automobiles 
equipped with meteorological instruments as tools for urban climate research. With the impetus 
of these investigations, various studies in Europe followed using mobile measurements (e.g. 
LOSSNITZER AND FREUDENBERG, 1940; SUNDBORG, 1950; CONRADS AND VAN DER HAGE, 1971; NÜBLER, 
1979; STRAKA ET AL., 1996; MONTÁVEZ ET AL., 2000; KUTTLER, 2001; BOTTYÁN AND UNGER, 2003; UNGER, 
2004). These measurements permit an improved detection of the UHI but they are still of limited 
resolution either in space or time. For a higher spatial resolution, mobile carriers like pedestrians 
or bicycles (e.g. KLEMM AND MÜSKENS, 2006; HEUSINKVELD ET AL., 2010) have been used. This 
method is suitable for small-scale investigations within individual urban districts. In order to 
cover a larger area, trams have been equipped with measuring instruments (YAMASHITA, 1996). 
Both variants are based on relatively small data samples and are typically restricted to a certain 
period of the day. 
3.3 Climate modeling 
Climate models are used to examine the response of the climate system to various forcings, for 
making climate predictions on seasonal to decadal time scales and for making projections of 
future climate over the coming century and beyond. These estimates are based on 
anthropogenic radiative forcings such as atmospheric greenhouse gas concentration and aerosol 
forcings (IPCC, 2013). The models used in climate research range from simple energy balance 
approaches to complex three-dimensional models requiring state of the art high-performance 
computing. The ‘standard’ type are coupled atmosphere-ocean general circulation models 
whose function is to understand the dynamics of the physical components of the climate system 
including atmosphere, ocean, land and sea ice (IPCC, 2013). Physical processes are calculated 
numerically to model (thermo)dynamic processes as well as radiative and mass exchanges. 
Beginning with a set of initial atmospheric conditions usually derived from observations, the 
equations are integrated forward in time at a large number of grid points over the earth and 
vertically in the atmosphere (BARRY AND CHORLEY, 2004). The resolution is rather coarse although 
it has increased from roughly 500 km horizontal resolution and 9 vertical levels in the 1970s to 
about 100 km horizontal resolution and 95 vertical levels at present (IPCC, 2013).  
Processes which are too small in scale to be represented by a GCM (e.g. radiative effects, latent 
heating due to cloud formation, transfer of water vapor to the atmosphere by a single tree) 
need to be parameterized. Parameterizations take the average effect of cloud or vegetation 
process on an entire grid cell into account by using statistical relationships between the large-
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scale values. In order to verify the model performance, the representation of present day 
climate statistics based on observations is commonly analysed (BARRY AND CHORLEY, 2004).  
Depending on the input variables (e.g. increasing atmospheric CO2 or tropical deforestation) 
diverse scenarios show the range of plausible climate changes in future (IPCC, 2013). In the 
scope of the latest IPCC assessment report (IPCC, 2013), four new scenarios - the so-called 
‘Representative Concentration Pathways’ (RCPs) (VAN VUUREN ET AL., 2011) - have been applied. 
These pathways focus on anthropogenic emissions (land-use changes and sector-based 
emissions of air pollutants) and can be defined by their radiative forcing in year 2100 relative to 
1750. The four scenarios range from 2.6 W/m² (RCP2.6) to 8.5 W/m² (RCP8.5). The RCP include 
climate policies and incorporate the outputs of climate protection measures (e.g. increase of 
energy efficiency, reduction of fossile energy production or slowdown of deforestation) which 
may lead to a compliance with the RCP emission paths (IPCC, 2013). 
The RCP scenarios have been developed to replace the Special Report on Emissions (SRES) 
scenarios in the medium-term perspective. The SRES scenarios which are used in the present 
study are classified in four main groups of climate scenarios (A1, A2, B1, B2) varying by means of 
more economical (A) or ecological (B) future development as well as cooperation to be more 
effective at global (1) or local (2) levels of integration (Fig. 3.6). 
 
Fig. 3.6: Characteristics of the SRES scenarios (IPCC, 2001). 
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The storylines and scenario families are described in IPCC (2000) as follows: 
 The A1 storyline and scenario family is characterized by a rapid economic growth, a 
global population that peaks at a total number of 8.7 billion in 2050 and then gradually 
declines, a rapid introduction of new technologies and a convergence among regions in 
terms of income, social and cultural interactions and capacity building. There are three 
subsets which can be distinguished by their technological emphasis: fossil-intensive 
(A1FI), balanced energy sources (A1B), non-fossil energy sources (A1T). 
 The A2 scenario family describes a more heterogeneous world with independently 
operating, self-reliant nations, a continuously increasing population (15 billion by 2100) 
and regionally oriented economic development which is slower than in other storylines. 
 The B1 scenario is typified by a global population that peaks at a total number of 8.7 
billion around 2050 and a rapid economic growth as in A1, but with rapid changes 
towards a service and information economy, reductions in material intensity and the 
introduction of clean and resource-efficient technologies as well as an emphasis on 
global solutions to achieve economic, social and environmental sustainability. 
 The B2 scenarios describe a continuously increasing population reaching 10.4 billion in 
2100, an emphasis on local rather than global solutions to economic, social and 
environmental sustainability, intermediate levels of economic development and less 
rapid and more diverse technological change than in A1 and B1. 
The several anthropogenic forcings of the “old” and “new” scenarios are illustrated in Fig. 3.7. In 
contrast to the RCP, the projections of the SRES scenarios end in 2100 and do not take into 
account any current or future measures to limit greenhouse gas emissions. 
 
Fig. 3.7: Time evolution of the total anthropogenic positive radiative forcing for RCP and SRES scenarios 
relative to the pre-industrial period (about 1765) between 2000 and 2300 (after IPCC, 2013). 
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3.3.1 Regional climate projections 
Regional climate projections are able to estimate the frequency of extreme events and their 
impact on socio-economic sectors on local and regional scale (SPEKAT ET AL., 2007; STOCK ET AL., 
2007; BACHNER ET AL., 2008; JACOB, 2009). That means they can act as groundwork for decision-
makers and in consequence for climate impact studies or adaptation planning (RUMMUKAINEN, 
2010) 
Since general circulation models (GCM) do not reach a better horizontal resolution than typically 
100 km (IPCC, 2013), downscaling techniques for regional climate modeling have been 
developed and applied.  
One methodology is to embed a regional climate model (RCM) into a GCM and use its 
information as boundary conditions for the RCM (BARRY AND CHORLEY, 2004). Since in this case, 
the RCM relies on the same physical-dynamical description of climate processes than the driving 
GCM, such a dynamical downscaling approach can capture meso-scale nonlinear processes and 
feedbacks and provides coherent information among multiple climate variables (IPCC, 2007). 
Sub-scale processes are computed by physical parameterizations. The smaller the mesh size the 
longer the computing time so that multiple realizations are often not feasible for regional scale. 
In contrast to dynamical downscaling schemes, statistical downscaling involves empirical 
relationships between large-scale atmospheric climate variables and local ones (RUMMUKAINEN, 
2010). On the one hand, statistical downscaling is able to access finer scales than dynamical 
downscaling methods and to realize more model runs because of the relatively fast calculation 
since only little computational power is required (KROPP ET AL., 2009). On the other hand, a long 
term dataset of observation needs to be available to validate the model performance (IPCC, 
2007). Statistical downscaling is further based on the assumption that the climate characteristics 
and determined relations from past or present situations will not change significantly within the 
next decades. Thus, they do not necessarily represent new extreme values in a changing future 
so that statistically generated future projections are subject to limitations (KROPP ET AL., 2009).  
However, it should be kept in mind that future climate projections at fine spatial scales are 
always limited in accuracy and reliability and that they dependent on the quality of the GCM 
(GIORGI AND MEARNS, 1999). The reliability is also positively dependent on the number of 
realizations, the number of models applied, and the ability of the models to simulate the climate 
of recent decades based on observations (CHRISTENSEN AND CHRISTENSEN, 2007). 
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RCMs have already been applied since the beginning of numerical weather forecasting and have 
been established as a common method in climate research since the 1990s (GOBIET AND TRUHETZ, 
2008). A review of regional climate modeling give for example XUE ET AL. (2014), WILBY AND 
DAWSON (2012) or RUMMUKAINEN (2010).  
Current developments in assessing RCM can be seen in the European project PRUDENCE 
(CHRISTENSEN ET AL., 2007; CHRISTENSEN AND CHRISTENSEN, 2007; DÉQUÉ ET AL., 2007; JACOB ET AL., 
2007). High resolution climate scenarios for the end of the 21st century for Europe are analyzed 
in order to identifying uncertainties in predictions of future climate and its impacts. This study 
continued with the follow-up project ENSEMBLES (CHRISTENSEN, 2005; VAN DER LINDEN AND 
MITCHELL, 2009; HEWITT, 2011). 
For Germany four regional climate models exist of which two are based on a statistical (STARII 
(STAtistische Regionalisierung) (ORLOWSKY ET AL., 2008) and WETTREG (WETTerlagenbasierte 
REGionalisierungsmethode) (SPEKAT ET AL., 2007)) and two on a dynamical approach (REMO 
(REgional MOdel) and COSMO-CLM (COnsortium for Small-scale MOdeling-Climate mode of the 
Limited Model, (CLM COMMUNITY, 2011)). 
 
STARII: The projections for the RCM STARII are operated by the Potsdam Institute for Climate 
Impact Research (PIK). Future estimates are generated until 2060 as daily values of 
meteorological data and as point information regarding the location of WS DWD. Observed 
annual means at WS DWD are recomposed with regard to the future temperature trend derived 
from the global climate model ECHAM5/MPI-OM (MARSLAND ET AL., 2003). Measured daily means 
are taken and the differences to the annual average is calculated and assigned to the 
corresponding year of the simulation. Days with similar combinations of observed 
meteorological parameters are clustered and related to the same cluster type of the simulated 
time series and further to an ascertained day within this cluster. This approach allows all 
meteorological information of a single day to be transferred to the future simulation. Since the 
model results are aligned to the annual temperature trend, deviating seasonal trends cannot be 
determined (WERNER AND GERSTENGARBE, 1997). 
The demonstration of extreme values is limited due to the fact that the simulated time series are 
assembled by parts of the observation time series. (MURPHY, 1998). Thus, the range of observed 
values cannot be exceeded. However, recurrent extreme events such as heat waves can be 
reproduced (ORLOWSKY, 2007). 
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WETTREG: WETTREG is based on a resampling scheme that assembles and recombines present 
periods of distinct weather patterns and adapts them to the given frequency distribution of 
weather types for the future (derived from ECHAM5/MPI-OM). Thus, every day of the simulation 
is assigned to weather types of a certain temperature and humidity regime. Furthermore, 
weather types which could not or only seldom be observed in the past are considered so that 
the model is strongly adapted to the input of the global climate model. The outputs of the model 
WETTREG are prepared as daily values and as point information regarding the location of WS 
DWD for single decades (2001-2010, 2011-2019…2091-2100 etc.) until 2100. They are available 
at the World Data Center for Climate (http://cera-www.dkrz.de/). 
 
REMO: For the hydrostatic model REMO data from the global climate model ECHAM5/MPI-OM 
are used as initial and boundary conditions for a model region with a horizontal resolution of 
50 km. Outputs of this experiment are then used as initial and boundary conditions for a smaller 
model domain (spatial resolution of 10 km) comprising Germany, Austria and Switzerland (JACOB 
ET AL., 2008). The model was generated from a weather forecast model (‘Europa-Modell’ 
(MAJEWSKI, 1991)) of the DWD. Projected are horizontal wind components, air pressure, air 
temperature, relative humidity and the water content of the atmosphere. Disadvantages of 
hydrostatic models are the lack of a spatial resolution required to capture explicitly all smale-
scale, short-duration severe weather events and significant flow systems, which are related to 
the non-hydrostatic scales of motion (CLM COMMUNITY, 2011) and the underestimation of the 
spatial variability of precipitation (BENISTON ET AL., 2007). 
Data is available as daily values until 2100 at the World Data Center for Climate (http://cera-
www.dkrz.de/). 
 
COSMO-CLM: As a non-hydrostatic model, COSMO-CLM comprises a compressible formulated 
dynamical core without any scale approximations to avoid restrictions on the spatial scales and 
the domain size (SCHÄTTLER ET AL., 2008; KROPP ET AL., 2009). Primitive thermo-hydrodynamical 
equations lay the groundwork (SCHÄTTLER ET AL., 2008). Due to the non-hydrostatic formulation 
without any scale assumption the model can be used at horizontal grid resolutions of about 
20 km (CLM COMMUNITY, 2011). Rotated geographical coordinates and a generalized terrain form 
the basis for the model calculations (SCHÄTTLER ET AL., 2008). Projected variables are horizontal 
wind components, air temperature, pressure anomalies from a hydrostatic and constant 
background pressure, specific humidity and water vapor content in clouds. Physical 
parameterizations are implemented for sub-scale processes such as radiation, convection and 
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turbulent fluxes (WERNER AND GERSTENGARBE, 2007). Observations are assimilated using a nudging 
approach (SCHÄTTLER ET AL., 2008). The principal objective is a meso-to-micro scale prediction and 
simulation system. The model has been designed for operational numerical weather prediction 
as well as for scientific applications (SCHÄTTLER ET AL., 2008). As initial and lateral boundary 
conditions serve the data from various coarse-grid driving models (SCHÄTTLER ET AL., 2008). The 
model COSMO-CLM comprises 32 vertical layers and a horizontal resolution of 0.165° which 
equates 18 km. The model region comprises Europe. The model simulations cover the period of 
1960-2000 in three realizations as well as the estimated development for the period of 2001-
2100 based on the SRES Scenarios A1B and B1 in each case in two realizations. The RCM is 
embedded in the GCM ECHAM5/MPI-OM. Every single realization has the same probability of 
occurrence. However, for a statistical assessment of the model runs the amount of realizations 
are too few (KROPP ET AL., 2009). 
Compared to REMO, the non-hydrostatic approach allows the consideration of vertical velocity 
of air masses and thus of convective processes. Data is available as daily values until 2100 at the 
World Data Center for Climate (http://cera-www.dkrz.de/). 
Tab. 3.1: Overview of the model characteristics of COSMO-CLM, REMO, STARII and WETTREG. 
  Dynamical Statistical 
  COSMO-CLM REMO STARII WETTREG_2010 
Domain 
Extended „BALTEX“- 
region 
Europe Germany Germany 
Developer/operator CLM community MPI, Hamburg PIK, Potsdam CEC, Potsdam 
Spatial resolution 
0.167° x 0.167° 
(~18 km) 
0.088° x 0.088° 
(~10 km) 
station specific station specific 
Simulation period Until 2100 Until 2100 Until 2060 Until 2100 
GCM ECHAM5/MPI-OM 
ECHAM5/ 
MPI-OM 
ECHAM5/ 
MPI-OM 
ECHAM5/ 
MPI-OM 
Available scenarios A1B, B1 A1B, A2, B1 A1B, A2, B1 A1B 
Realizations 
Median-realization 
elected out of three 
model runs. Data 
provided by the World 
Data Center for 
Climate (WDCC) 
One out of two 
available model runs 
elected. Data 
provided by WDCC 
Median-realization 
provided by PIK 
Median-realization 
elected out of ten 
model runs. Data 
provided by WDCC 
Data 
LAUTENSCHLAGER ET AL. 
(2009) 
JACOB AND MAHRENHOLZ 
(2006) 
GERSTENGARBE AND 
WERNER (2011) 
KREIENKAMP ET AL. 
(2010) 
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3.4 Weather types 
Local and regional climate is substantially driven by large-scale atmospheric circulation. In 
various studies atmospheric circulation patterns are related to local weather (e.g. BÁRDOSSY AND 
CASPARY, 1990; GARCÍA ET AL., 2002; JONAS, 2007; JACOBEIT ET AL., 2009; JONES AND LISTER, 2009; 
CLARK, 2013). The German Weather Service devised an objective weather type classification 
which applies to Germany and adjacent regions (BISSOLLI AND MÜLLER-WESTERMEIER, 2005). The 
automated classification scheme consists of 40 weather types which are determined by wind 
direction, cyclonality and humidity of the atmosphere. BÁRDOSSY (1995) developed an objective 
scheme for Europe that produces a semi-automated classification of synoptic weather types 
from gridded 700 hPa pressure data. However, the performance of this approach of clustering 
weather types is worse than that of the subjective classification after HESS AND BREZOWSKY (1969). 
The weather patterns of this subjective classification for Central Europe which are cataloged 
since 1881 and which had regularly been revised since 1944 are used for further analysis in this 
study. The latest revision was published by GERSTENGARBE UND WERNER (2010) comprising the 
period of 1881-2009. Daily information of the subjective weather types from 2002 until today 
are available at the homepage of the German Weather Service (www.dwd.de/GWL). The main 
findings are continuously summarized in an annual report – the so-called Klimastatusbericht 
(www.dwd.de/klimastatusbericht) of the German Weather Service. Based on the definition by 
BAUR ET AL. (1944), the weather regimes can be classified into three circulation types which can 
be distinguished as follows (see also Tab. 3.1): 
Zonal circulation is given when a subtropical high covers a broad area including lower middle 
latitudes over the North Atlantic. Together with a subpolar low pressure area this weather type 
leads to a nearly waveless movement of the upper air flow from west to east and cyclone tracks 
running from the eastern North Atlantic Ocean to the European continent (GERSTENGARBE AND 
WERNER, 2010). Characteristic are maritime air masses causing changeable weather conditions, 
relative cool summers and mild winters (BOTT, 2012). All weather types with westerly winds (WA, 
WS, WW, WZ) belong to this circulation pattern. 
For mixed circulation types the influence of zonal and meridional components of air movement 
is more or less balanced. Compared to the western weather types, the anticyclonic pressure 
center is shifted northwards. Classified as mixed circulation patterns are a) the weather type 
with a low pressure area over Central Europe (TM), b) the weather types with a high pressure 
area over Central Europe that may lead to warm and dry summers and cold winters (HM, BM) 
(GERSTENGARBE AND WERNER, 1999) - this weather pattern provoked the long lasting high air 
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temperatures in summer 2003 (WIRTH, 2004) - , c) southwestern weather types – with a low 
pressure area over the North Atlantic and an anticyclonic pressure center over Eastern Europe – 
which transport maritime subtropical air masses (warm and humid) to Europe (SWA, SWZ) and 
d) northwestern weather types with a subtropical high over the Eastern Atlantic and cyclonic 
movement along the Norwegian Sea to the southeast which bring subpolar air masses (cold and 
humid) to Europe (NWA, NWZ) causing changeable weather situations. 
Meridional circulation is characterized by stationary, blocking high pressure centers between 
50°N and 65°N. Depending on the airflow directed to Central Europe, northern (NA, NZ, HNA, 
HNZ, HB, TRM), eastern (HFA, HFZ, HNFA, HNFZ) and southern (SA, SZ, TB, TRW) weather types 
can be differentiated. Northeastern (NEA, NEZ) and southeastern (SEA, SEZ) weather types are 
not assigned to the mixed circulation but to the meridional because they normally coincide with 
a blocking high pressure system over Northern or Eastern Europe. An elongated frontal zone as 
it occurs at mixed circulation types is not given (GERSTENGARBE AND WERNER, 2010). The northern 
weather types are characterized by very cold and humid subpolar air resulting in cold summers 
and snowfall in winter. During northeastern weather types cold and rather dry air masses are 
coming from the northeast and little precipitation can be expected. Eastern weather types 
transport air masses from the east to Europe (in summer warm and dry). Even warmer air than 
in the case of eastern weather types is brought by southeasterlies which can also cause thundery 
weather. During southern weather types air masses from the Mediterranean area may provoke 
hot summer situations. 
A total of 29 weather sub-types determine the atmospheric weather patterns over Europe 
(Tab. 3.2). Per definition, a weather type lasts at least three days (GERSTENGARBE AND WERNER, 
2010). Hence, peculiarities of urban climate that may arise within few hours may not be 
explained in detail by the dominating large-scale circulation pattern. This may pose problems 
when trying to evaluate the relationship between the large-scale atmospheric conditions and 
effects of urban climate (KETZLER, 1997). 
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Tab. 3.2: Subjective weather type classification for Europe (after GERSTENGARBE AND WERNER, 2010). 
Circulation 
type 
Weather type Weather sub-type Abbreviation 
Zonal West 
West anticyclonic 
West south 
West angular 
West cyclonic 
WA 
WS 
WW 
WZ 
Mixed 
Southwest 
Southwest anticyclonic 
Southwest cyclonic 
SWA 
SWZ 
Northwest 
Northwest anticyclonic 
Northwest cyclonic 
NWA 
NWZ 
High Central Europe 
High Central Europe 
Ridge Central Europe 
HM 
BM 
Trough Central Europe Low Central Europe TM 
Meridional 
North 
North anticyclonic 
North cyclonic 
High North See/Iceland anticyclonic 
High North See/Iceland cyclonic 
High British Islands 
Trough Central Europe 
NA 
NZ 
HNA 
HNZ 
HB 
TRM 
Northeast 
Northeast anticyclonic 
Northeast cyclonic 
NEA 
NEZ 
East 
High Fennoscandia anticyclonic 
High Fennoscandia cyclonic 
High North See/Fennoscandia anticyclonic 
High North See/Fennoscandia cyclonic 
HFA 
HFZ 
HNFA 
HNFZ 
Southeast 
Southeast anticyclonic 
Southeast cyclonic 
SEA 
SEZ 
South 
South anticyclonic 
South cyclonic 
Low British islands 
Trough West Europe 
SA 
SZ 
TB 
TRW 
 
Prevailing weather types within the period of 1881 until 2008 are WZ (yearly frequency of 
15.70%) and HM (yearly frequency of 8.89%) (Tab. 3.3). All other weather types occur on 1-8% of 
all days within one year. One fourth is represented by the only four western types. A number of 
18 weather types are classed in the meridional circulation patterns which occur most often with 
a total occurrence of about 40%. One third is covered by the mixed circulation (seven weather 
types) (GERSTENGARBE AND WERNER, 2010). 
Since this study focuses on the summer months June, July and August, only those weather types 
which occur most often in summer or which are connected with above-average air temperatures 
in summer are discussed in the following. 
In summer (1881-2013), the meridional circulation is dominating in June when the weather 
types NA, HNA, HB and NEA usually reach their annual maximum (Tab. 3.3, bold). In July and 
August (1881-2013) the occurrence of the different circulation patterns is rather equally 
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distributed. However, mixed circulation patterns occur most frequently in July with the 
northwestern weather types NWA (7.16%) and NWZ (6.67%) usually reaching their annual 
maximum. In August, meridional types are slightly dominating. Looking at the single weather 
sub-types the western type WZ (zonal) is dominating in all three summer months (see also 
GERSTENGARBE AND WERNER, 2010). 
Tab. 3.3: Relative frequency of the different weather types in % for the summer months June, July and 
August for the period of 1881-2013 (data provided by the German Weather Service) and annual mean 
values for the period of 1881-2008 (after GERSTENGARBE AND WERNER, 2010). U: undetermined cases; 
bold: annual maximum (1881-2008). 
Weather pattern      Weather sub-type 
Months (1881-2013) Year  
(1881-2008) June July August 
Zonal 
WA 5.64 7.50 8.85 5.77 
WZ 15.84 18.76 20.18 15.70 
WS 2.18 1.31 1.63 3.05 
WW 2.08 1.31 1.99 2.38 
  25.74 28.88 32.65 26.92 
Mixed 
SWA 1.55 1.17 1.92 2.39 
SWZ 1.90 2.11 2.09 2.62 
NWA 5.19 7.16 5.17 3.74 
NWZ 3.81 6.67 4.56 4.73 
HM 7.97 8.06 7.88 8.89 
BM 6.59 8.01 9.73 7.72 
TM 1.90 2.09 1.92 2.46 
  28.92 35.27 33.25 32.53 
Meridional 
NA 1.98 1.21 1.26 0.92 
NZ 4.24 2.06 2.40 2.81 
HNA 5.34 2.82 2.72 3.08 
HNZ 2.23 1.50 0.82 1.37 
HB 4.34 2.94 2.13 3.29 
TRM 4.24 5.15 3.61 4.47 
NEA 4.86 3.28 3.06 2.18 
NEZ 2.88 1.92 2.13 1.91 
HFA 1.85 2.35 3.83 3.58 
HFZ 0.68 0.92 0.90 1.09 
HNFA 1.65 1.19 0.73 1.41 
HNFZ 1.73 1.07 0.90 1.69 
SEA 0.75 0.41 0.22 2.17 
SEZ 0.25 0.00 0.12 1.46 
SA 0.35 0.12 0.46 1.85 
SZ 0.18 0.15 0.07 0.81 
TB 1.85 3.11 3.64 2.21 
TRW 4.59 4.66 4.37 3.42 
  43.98 34.85 33.37 39.70 
 U 1.35 1.00 0.73 0.90 
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Fig. 3.8 shows the frequency of zonal, mixed and meridional circulation from 1881-2013. The 
meridional circulation shows peaks in the beginning of the 20th century and in the 1970s with 
corresponding minima of mixed circulation types. However, a general conclusion of the temporal 
development of mixed and meridional circulation is difficult since both show a strong variability 
within the analyzed period. Whereas a trend towards a decreasing occurrence of zonal 
circulation patterns can be observed since the 1940s.  
 
 
 
Fig. 3.8: Centralized 10-year moving average of the absolute frequency of the zonal (blue), mixed (red) and 
meridional (green) circulation for the summer months June, July and August (1881-2013) (data provided 
by the German Weather Service).  
GERSTENGARBE AND WERNER (2010) show that BM has increased at the expense of HM since the 
1970s referring to annual data. While the frequency of weather types with a southern 
component (SWA, SWZ, SEA, SEZ, SA, SZ, TB, TRW) has almost doubled since the 1940s, the 
weather types with a northern component (WW, NWA, NWZ, NA, NZ, HNA, HNZ, HB, TRM, NEA, 
NEZ) have decreased. For the summer months June, July and August western and northwestern 
weather types have decreased within 1979-2008 compared to 1881-1910. For June the 
frequency of western weather types has stayed nearly constant. The weather type characterized 
by a trough over Central Europe has increased in June and August and decreased in July. The 
opposite case can be observed for northern and northeastern weather types. Eastern and 
southeastern weather types have decrease in June and increased in July and August. 
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GERSTENGARBE AND WERNER (2005) calculated mean air temperature anomalies between 
temperature data obtained from the weather stations Hamburg, Potsdam, Karlsruhe and 
Hohenpeißenberg (Tab. 3.4) in order to show the influence of a certain weather type on Tmax, 
Tmean, Tmin and precipitation in summer (spring, autumn and winter are not shown).   
Tab. 3.4: Subjective weather types and mean differences to the long-term means of air temperature [K] 
and precipitation [mm]at WS Hamburg (Ha), Potsdam (Po), Karlsruhe (Ka) and Hohenpeißenberg (Ho) for 
the summers of 1901-2003 (GERSTENGARBE AND WERNER, 2005).  
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Looking at the differences in air temperature it can be stated that the western type WA (zonal), 
the southwestern types (SWA, SWZ), HM, BM (both mixed) as well as HNA, NEA, HFA, HFZ, 
HNFA, HNFZ, SEA, SEZ, SA, SZ, TB and TRW (all meridional) can be associated with above-average 
air temperature. Most of them (except SWZ, HFZ, HNFZ, SZ, TB, TRW) are additionally associated 
with decreasing precipitation.  
JONAS (2007) linked these “warm” weather types in July and August with increasing monthly 
mean air temperature and concluded that there is a significant correlation between rising air 
temperatures and increasing frequencies of weather types supporting above-average air 
temperatures in summer. 
It is assumed, that low-exchange weather situations with thicker inversions will occur more 
frequently in the future. Such weather conditions are mainly connected to high pressure 
situations, associated in western Europe with low and predominant easterly winds which may 
amplify the strength of UHI (KUTTLER AND WEBER, 2008). 
3.5 Heat stress and health consequences 
3.5.1 Biometeorological assessment 
Heat stress is defined as a situation when heat derogates the thermoregulation of a person and 
may cause stress, illness or even death (EIS ET AL., 2010; URBAN ET AL., 2013). Until 1965 thermal 
stress was an exception. Since then the frequency of high air temperatures at urban sites has 
increased until today (FEZER, 1995) and is projected to further increase in future. Heat stress is 
manifested by elevated body temperature, hot, dry skin, lack of sweating and neurological 
symptoms such as paralysis, headache, vertigo and unconsciousness. It can also cause heat 
cramps, heat exhaustion and heat stroke (KOPPE ET AL., 2004). Compared to isolated hot days, 
prolonged periods of raised temperatures may amplify the health risks (SEMENZA ET AL., 1996; 
WHO (WORLD HEALTH ORGANIZATION), 2003; MICHELOZZI ET AL., 2005; GOSLING ET AL., 2009). However, 
health consequences are not only a matter of atmospheric conditions but also depend on socio-
economic, technological, infrastructural and geographic conditions (JENDRITZKY, 1998) (Tab. 3.5).  
Due to the fact that hot spots of thermal load are most pronounced in urban districts (UHI) 
between the late evening and the early morning (see chapter 3.1.3) the exposure of urban 
dwellers to exceptionally high overnight temperatures hampers relief at night and results in a 
strengthening of thermal load situations (WHO, 2003; ABENHAIM, 2005).  
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Tab. 3.5: Overview of different risk factors in terms of heat stress. 
Risk factors Description 
Climatology 
Temperature: The higher the air temperature, the less heat the body can lose by 
convection, conduction and radiation (HAVENITH, 2005). 
Air humidity: If the moisture concentration in the ambient air is higher than on the 
surface of the skin, the body’s ability to dissipate its surplus heat by sweating is impeded 
(HAVENITH, 2005). 
Wind speed: Turbulent heat exchange increases with wind speed. Lower wind velocity 
due to enhanced surface roughness due to the city buildings enforces heat stress 
situations (WEISCHET, 2008). 
Individual 
characteristics 
Clothing: In case where no freedom of choice of clothing is present (e.g. cultural 
restrictions, dress codes at work), clothing may increase the risk of heat stress (HAVENITH, 
2005). 
Fitness: A high aerobic power is associated with improved heat loss mechanisms (higher 
sweat rate, increased skin blood flow) (HAVENITH, 2005). 
Acclimatization state: Short-term heat acclimatization usually takes 2-12 days, but long-
term acclimatization to an unfamiliar environment may take several years (KOPPE ET AL., 
2004) and can hardly be achieved to increases in temperature variability (BRAGA ET AL., 
2001); regular heat exposure leads to faster acclimatization (HAVENITH, 2005).  
Nutrition: Reduced food and liquid uptake may lead to dehydration (KOPPE ET AL., 2004). 
Morphology: The body surface determines the heat exchange area; the body mass 
correlates positively with metabolic load and determines the body’s heat storage 
capacity (HAVENITH, 2005). 
Gender: Females have higher core and skin temperatures, heart rates, blood pressure, 
and setpoints for sweating in comparison to males which means that women appear to 
be less tolerant to heat than men (HAVENITH, 2005). 
Drugs: Use of drugs such as alcohol may predispose subjects to heat illness by changes in 
physiological mechanisms and by changes in behavior (HAVENITH, 2005). 
Age: With advancing age the ability to thermoregulate decreases mostly due to a 
decreasing physical fitness and medication use. Especially affected by elevated 
temperatures are elderly people (JENDRITZKY, 1998; HUYNEN ET AL., 2001; KOPPE ET AL., 2004; 
HAVENITH, 2005; HARLAN ET AL., 2006; MÜCKE, 2008; GABRIEL AND ENDLICHER, 2011). 
Social isolation:  A lack of social embeddedness, such as living alone, being isolated and 
being reclusive explains death rates during heat waves (KLINENBERG, 2002). 
Housing: Building type, building condition and floor determine indoor temperature (TAN, 
2008). 
Socio-
economy 
Income: People with low income may be more vulnerable to heat because of poorer-
quality housing and the limited resources to make use of new technologies reducing 
heat (VICTORIAN COUNCIL OF SOCIAL SERVICE, 2013; HARLAN ET AL., 2006). 
Technology 
Installing insulation, shading and cooling systems (e.g. air conditioning) help to reduce 
the indoor temperature (VICTORIAN COUNCIL OF SOCIAL SERVICE, 2013). 
Geography 
Climate zone: Individuals who are used to live and work with higher air temperatures 
can adapt faster than individuals from cool climate zones (JENDRITZKY, 2007). 
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Outdoor air temperatures are investigated in this study since warm ambient air masses largely 
determine indoor temperature. This is of epidemiological importance since people in Europe 
spend most of their time indoor, at home and at work (SCHWEIZER ET AL., 2007) where heat may 
reduce the maximum working performance by 3%-50% (HÜBLER ET AL., 2008). However, not only 
high nighttime temperatures may worsen the thermal comfort level, rather the combination of 
both hot daytime temperatures and little relief from the heat at night characterize situations 
leading to negative health effects and derogate people’s well-being (e.g. VESCOVI ET AL., 2005). 
The question which is the most valuable method to characterize thermal comfort is discussed 
controversially. The most comprehensive assessments from a thermo-physiological viewpoint 
can be conducted by energy balance models. Beside climatological variables these models 
additionally consider physiological responses of the human body and isolating effects of 
clothing. 
In the 1970s FANGER (1972) developed an index which is based on the linear relation between 
mean skin temperature, mean sweat production and internal heat production in dependence of 
the activity and isolation by clothing. This so-called Predicted Mean Vote (PMV) represents the 
mean heat perception of a group of persons based on air temperature, mean radiation 
temperature, water vapor pressure and relative wind speed and holds for static conditions. The 
PMV is designed for indoor climates and not suitable for outdoor situations due to more 
complex and more intensive solar radiation (JENDRITZKY ET AL., 1990). The units are expressed 
according to the ASHREA thermal sensation scale (+3 hot to -3 cold) (MAYER AND HÖPPE, 1987). As 
a function of the PMV the Predicted Percentage Dissatisfied (PPD) was developed to quantify 
the percentage of persons who are dissatisfied with the on-site thermal situation (TUROWSKI, 
2002). 
Fanger’s approach was developed further by adding a complex radiation model and an average 
model person – the Klima-Michel (JENDRITZKY ET AL., 1979; JENDRITZKY ET AL., 1990). The Klima-
Michel features standardized characteristics (male, 35 years old, 75 kg, 1.75 m) and is supposed 
to assess a mean individual perception under static outdoor conditions (JENDRITZKY ET AL., 1990). 
The Klima-Michel was extended by the urban bioclimatological model UBIKLIM, which is applied 
within urban planning and which permits the generation of bioclimatological city maps (DWD, 
2010).  
For a more sophisticated analysis in terms of medical investigations the energy balance model 
MEMI (Munic energy balance model for individuals) is applied (Mayer, 1997). This model was 
developed by Höppe (1984) and is also based on an energy balance model (TUROWSKI, 2002). This 
model can be applied individually to single persons incorporating specific personal attributes 
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such as age, weight, height or sex. Meteorological input parameters are air temperature, water 
vapor pressure, wind speed, mean radiation temperature and air pressure (HÖPPE, 1984).  
Similar to PMV, the physiological equivalent Temperature (PET) is a universal index, based on 
MEMI and expressed in °C which simplifies its understanding (VDI, 1988; HÖPPE, 1999). PET 
estimates the thermal stress based on outdoor temperatures and can be calculated with thermal 
parameters of the human body and any combination of meteorological parameters.  
Even more intricate is the model IMEM (Instationary Munic energy balance model) which is a 
further development of MEMI (MAYER, 1997). Here, the temporal changes can also be 
considered so that an unsteady environment can be assessed (HÖPPE, 1993).  
The latest development is the Universal Thermal Climate Index (UTCI) which determines the 
thermal comfort and assesses body core temperature, skin temperature and sweat rate 
(JENDRITZKY, 2007). It was developed to eliminate disadvantages of previous models and shall be 
established as an international standard in order to gain a better comparability between study 
results (JENDRITZKY ET AL., 2009). The UTCI shall be applied in regional planning, environmental 
epidemiology, public health service and prevention and used to realize predictions and warnings 
and to generate bio-climatological maps (JENDRITZKY ET AL., 2009). 
URBAN AND KYSELÝ (2014) suppose that the apparent temperature (AT) which requires only 
standard meteorological parameter and PET are more universal indicators than UTCI in cold- and 
heat-related mortality assessment. AT has initially been put forward by STEADMAN (1984) and 
describes the perceived outdoor temperature caused by the combined effects of air 
temperature, relative humidity and wind speed. 
One of the most common indices is the equivalent temperature (Teq) which is a simple but 
suitable measure to estimate (dis)comfort conditions as it could be statistically confirmed by 
surveys conducted by HARLFINGER (1978) and HARLFINGER AND HILLE (1982). In practice, this simple 
index has proved value because it immediately provides practicable results without handling a 
data overload as required for more complex measures of heat load and which – by the way – 
usually leads to similar results (HARLFINGER, 2010). Other established indices that combine air 
temperature and humidity to determine the ‘felt’ air temperature are the NWS Heat Index 
(ROTHFUSZ, 1990), the Humidex (MASTERSON AND RICHARDSON, 1979) and the Discomfort Index 
(EPSTEIN AND MORAN, 2006). These indices were applied and analyzed, for example, by OLESON 
(2013) who found the heat stress to be amplified by 0.5-1.0°C until the mid-century when 
applying the Heat Index and Humidex compared to temperature alone. 
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3.5.2 Associations between air quality and temperature 
A number of studies have shown that both temperature and air pollution are associated with 
adverse health outcomes. Aerosol particles may pass into the respiratory systems and enter 
deep into the lungs during inhalation resulting in an increasing probability for heart attacks, 
irregular heartbeat, aggravated asthma, inflammation of airways or decreased lung function. 
People with heart or lung diseases, children and older adults are the most likely to be affected 
by particle pollution exposure (e.g. WHO, 2013). 
In combination with high air temperature, poor air quality may make people more vulnerable to 
temperature variability (REN ET AL., 2006). REN ET AL. (2006) showed that PM10 modifies the 
effects of temperature on respiratory and cardiovascular hospital admissions and cardiovascular 
mortality based on daily time series of health outcomes, weather, and air pollution collected in 
Brisbane City (Australia) from 1996 to 2001. With increasing temperature and enhanced PM10 
levels more adverse health effects were evident. Also KATSOUYANNI (1993) and BURKART ET AL. 
(2013) found synergistic effects on excess mortality between air pollution and high air 
temperature. KATSOUYANNI (1993) compared a heat wave situation in 1987 in Athens (Greece) to 
the 6 previous years. BURKART ET AL. (2013) found evidence for enhanced combined adverse 
health effects when analyzing mortality data and atmospheric parameters for the period 1998-
2010 for Berlin (Germany) and for the period 1998-2008 for Lisbon (Portugal). 
Above-average air temperatures in summer in Central Europe are usually the consequence of an 
anticyclonic stable weather regime which is mostly associated with temperature inversions due 
to nocturnal radiative cooling at the surface (HUPFER AND KUTTLER, 2005). These stagnant air 
masses allow fine particles to accumulate and therefore raise the concentration of air pollutants 
in the boundary layer. The warming rate of a highly polluted inversion layer caused by 
absorption of solar radiation is not compensated by the simultaneous infrared cooling rate. 
Consequently, the aerosol particles are of vital importance to the budget of radiant energy of 
the boundary layer in cities with a high particle production rate (BÖHLEN, 1978). Additionally, 
high summer temperatures promote the formation of ground level ozone. Nitrogen oxides and 
volatile organic compounds act as precursors and are emitted mostly due to traffic and industrial 
processes (HELBIG ET AL., 1999). 
Another factor contributing to an enhanced UHI is the energy demand during warm summer 
days that promotes the use of e.g. air conditioning systems which reduces directly health risks 
from exposure to extreme heat indoors but which may also trigger elevated outdoor air 
temperature (OHASHI ET AL., 2007). 
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3.6 Climate change and cities 
According to the 5th IPCC assessment report the earth's climate system has changed significantly 
on global and regional scale since the industrial revolution. It is scientific evidence that global 
warming in this extent and within this period of time is human induced (IPCC, 2013). Since the 
end of the 19th century global warming has been detected by observational data (FOLLAND ET AL., 
2001). Global and regional climate projections indicate a continuation or even aggravation of 
rising temperatures in the 21st century (IPCC, 2013). As long-term observations have proven, 
annual mean air temperatures rose by +0.9 K during the period of 1901-2006 in Germany 
(MÜLLER-WESTERMEIER, 2007). Almost the same air temperature change (~+1 K) is projected for 
COSMO-CLM and REMO (A1B) simulations by the middle of the current century (baseline 1971-
2000) (WAGNER ET AL., 2013). A higher increase (+1.68 K) was detected for North Rhine-
Westphalia by SPEKAT ET AL. (2006) who examined climate scenarios from the model STAR for the 
period of 2046-2055 compared to 1951-2000. By the end of the century (baseline 1961-1990) a 
temperature rise in a range of +2.3 K (WETTREG, SPEKAT ET AL. (2007)) to +4 K (REMO, JACOB ET AL. 
(2008)) can be expected. 
Rising mean air temperatures are likely to be accompanied by an enhanced probability of 
extreme weather events (MEARNS ET AL., 1984; BALLING ET AL., 1990; WIGLEY, 2009) resulting in 
more frequent, longer lasting and more intense heat waves in future (MEEHL AND TEBALDI, 2004; 
DELLA-MARTA ET AL., 2007). Such extreme events pose a risk for human health and well-being 
since humans react more sensitively to prolonged exposure to heat than to isolated hot days 
(TAN ET AL., 2007; GOSLING ET AL., 2009). Especially, high nighttime temperatures that hamper 
relief at night may provoke cardiovascular diseases or fatalities (KOPPE ET AL., 2004). 
Some studies propose global asymmetric trends of daily maximum and minimum temperature 
since 1950 with a more pronounced increase in minimum temperature leading to a decrease in 
the diurnal temperature range (IPCC, 2007). KARL ET AL. (1993), who analyzed mainly areas in the 
northern mid- to high latitudes, relates this development partially to an increase in cloud cover 
which can be related to increasing greenhouse gas emissions and global warming. In a more 
recent study MAKOWSKI ET AL. (2008) found that the diurnal temperature range in Europe over 
1950 to 2005 changed from a decrease to an increase since the 1970s. They concluded that the 
trends in diurnal temperature range could be mostly determined by a reduction of the aerosol 
burden and the associated changes in incoming solar radiation. The aerosol load in the 1950s 
has been slowly but continuously reduced owing to deindustrialization and obligatory clean air 
action plans in Europe resulting in a change from dimming to brightening (GILGEN ET AL., 2009; 
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WOLFF AND PERRY, 2010). Referring to a study by LINDVALL AND SVENSSON (2014) the diurnal 
temperature range in Europe is further going to increase in future.  
In general, urban areas have many linkages with climate change. They are drivers of global 
warming, they are affected by rising temperatures and they are respondents to climate changes 
(DE GREGORIO HURTADO ET AL., 2014). To estimate the impact of climate change on the urban 
environment FRÜH ET AL. (2011) applied the so-called cuboid method to the city of Frankfurt using 
the regional climate time series provided by the four regional climate models STAR, WETTREG, 
COSMO-CLM and REMO and a set of diurnal simulations with a high-resolution urban climate 
model. They found that the mean number of summer days will increase by 5-32 days for 2021-
2050 relative to 1971-2000. The increase in the number of simulated hot days (+3 - +16) was not 
interpreted as the regional climate projections did not resemble the observed time series very 
well. Nevertheless, these findings contribute to the assumption that the UHI may amplify in 
future.   
The UHI is intensified by industrial activities, vehicles and population density due to waste heat. 
Households, industries and infrastructure further contribute to a rise in greenhouse gas 
emissions due to combustion of fossil fuels and hence, trigger global temperature rise. DODMAN 
(2009) reviewed the greenhouse gas emissions (GHG) from cities all over the world and 
concluded that nearly all of the cities surveyed exceed 2.5 tonnes CO2eq-emissions per capita 
which is a sustainable annual average as suggested by TIME OF CHANGE (cited by DODMAN (2009)). 
Aachen’s CO2-emissions per capita in 2011 amounts to 8.2 tonnes (STADT AACHEN, 2012). 
However, DODMAN (2009) further shows that there is no fundamental link between urbanization 
and high levels of GHG emissions. There are different criteria to measure those emissions. After 
SATTERTHWAITE (2008) 30% to 40% of all anthropogenic GHG emissions may be attributed to 
urban centers when ascribing them to the origin of their production. This figure may be 
misleading since a large proportion of heavy industry or fossil fuel power stations are not 
located in cities. If the GHG emissions would be assigned to the location of the person or 
institution who consumes the goods and services that induce those emissions, cities would 
account for a higher proportion of total emissions (SATTERTHWAITE, 2008). However, statements 
about average emissions of GHG per capita may distort reality as there are great differences 
between different population groups within the same urban region. Socioeconomic equity and 
the quality of governance structures are therefore equally important for the total carbon 
footprint of a city (CORFEE-MORLOT ET AL., 2009). Other studies detect an influence of urbanization 
on mean air temperature that differs in magnitude between 0.015°C and 0.05°C per decade 
which is shown for investigations of cities in the United States for periods from 1900 to 2000 
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(HANSEN ET AL., 2001; KALNAY AND CAI, 2003; STONE, 2007). The results are mainly based on land 
cover changes and strongly depend on the method used to classify meteorological stations into 
urban and rural. 
Beneath the cities’ contribution to rising temperatures, the exposure of urban areas to climate 
change impacts are increased as they concentrate population, economic activities and built 
environments. Also cities which are situated in a rather temperate climate are affected by 
extreme temperature events like heat waves as the summer 2003 showed (SCHÄR AND JENDRITZKY, 
2004; ECDC, 2005). The unusualness of uncommonly high temperatures leads to a less-
pronounced acclimatization. Hence, the vulnerability of people living in these climate zones may 
even be increased (MEDINA-RAMÓN AND SCHWARTZ, 2007).  
Apart from the high population concentration, urban residents are particularly exposed to heat 
since high temperatures are exacerbated by the UHI (OKE, 2001). The thermal load 
predominantly negatively affects elderly people (HAVENITH, 2005) which makes it necessary to 
take the demographic changes that lead to an ageing society in Europe and Germany (BRÜCKER, 
2005; GRUNDY, 2006; European Commission, 2010; KÖSTERS, 2011) into consideration.  
As indirect effects of rising air temperatures, allergies may increase because vegetation periods 
start earlier and last longer. Ticks that spread into territories where they never occurred before 
may be conducive to an increase in diseases (KROPP ET AL., 2009). The composition of plants and 
animals changes due to an expansion of heat-resistant species that can easier adapt to high 
temperatures (MKUNLV, 2012). Urban agriculture and horticulture may benefit from higher air 
temperatures regarding higher crop productivity. In combination with decreasing precipitation 
elevated temperatures may impact urban agriculture by failure of crops and an increasing 
demand of irrigation (MKUNLV, 2011). 
Also commercial and industrial sectors are affected as with increasing temperature above the 
comfort level the productivity at the workplace is reduced. Furthermore, the energy demand for 
cooling is increased and operational malfunction of heat-sensitive machines may occur (BENDEN 
ET AL., 2012). However, industrial sectors are generally thought to be less vulnerable to the 
impacts of climate change than agriculture because their sensitivity to climate variability and 
change is viewed as being comparatively lower and their capacity to adapt to climate changes is 
supposed to be higher (LANKAO, 2008). The adaptive capacity can be described as the potential 
and willingness to modify features and behaviors in order to better cope with the impacts of 
climate change (JUHOLA ET AL., 2013). Local authorities need to enhance resilience and reduce the 
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cities’ vulnerability to ensure quality of life. Therefore, they have to address not only the 
exposure to e.g. exceptionally high temperatures but also the adaptive capacity (LANKAO, 2008). 
Cities are hubs of developments, sources of innovations, policy creators and respondents to 
implemented mitigation and adaptation measures. The communities have the opportunity to 
take advantage of existing synergies between climate protection, adaptation and other 
development priorities to create innovative adaptation and mitigation strategies. Local and 
regional adaptation is necessary as international negotiations and agreements to mitigate GHG 
emissions are mostly missing or ineffective (GRUBB, 2011; ECKERSLY, 2012). A comprehensive and 
sustainable strategy needs to take all relevant local stakeholders into account. Households and 
enterprises are emitters but at the same time sources of initiatives, policies and actions which 
need to be activated. The more inhabitants, the higher the potential for city-scale changes in 
behavior and reduction of GHG emissions (LANKAO, 2008; CORFEE-MORLOT ET AL., 2009). 
The attitude and behavior of local authorities is of particular importance. On the one hand, they 
fulfill an exemplary role. On the other hand, the urban administration is authorized to form and 
develop the urban area. They further have the responsibility to assure life quality by  
 providing access to infrastructure and services,  
 guiding where settlements and industries develop, 
 designing land use regulations,  
 encouraging better quality housing and safer sites and 
 coordinating and supporting mitigation and adaptation programs to avoid and to 
prepare for disasters (SATTERTHWAITE, 2007).  
While mitigation tackles climate change at its source – namely the reduction of GHG emissions –, 
adaptation protects the city against current and near future climate change impacts. A 
combination of both improves the adaptive capacity and reduces the city’s exposure since 
without mitigation, the increasing magnitude of climate change impacts would significantly 
diminish the effectiveness of adaptation (LANKAO, 2008; VIJAYA VENKATA RAMAN ET AL., 2012).  
4 Study area (city of Aachen)  41 
4 Study area (city of Aachen) 
Parts of this chapter are based on  
 Buttstädt, M., Ketzler, G., Schneider, C. (2010): Ergebnisse aus 30 Jahren Klimamessungen an der 
Klimamessstation Aachen-Hörn. Aachener Geographische Arbeiten, 47, 1-10. 
4.1 Geographical setting and land use  
The city of Aachen is situated in North Rhine-Westphalia, western Germany at the borders to 
Belgium and the Netherlands. With a size of approximately 160 km2 and 247,000 residents 
(31.12.2011) (STADT AACHEN, 2014), Aachen can be described as a medium-sized city that is 
representative for Central Europe in terms of spatial dimension and population size. 
The urban area stretches between a low mountain range in the south, the Eifel, and the German 
lowlands in the north (Fig. 4.1). It has a north-south extension of up to 21.6 km and a west-east 
extension of up to 17.2 km (STADT AACHEN, 2014). A tongue-shaped region in the southeast of 
Aachen’s urban area reaches into the northwestern boundary of the High Fens, which represents 
the northern part of the Eifel. 
 
 
Fig. 4.1: Natural landscape formation of the Aachen region (after HAVLIK AND KETZLER, 2000). 
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The highest elevation of Aachen with 410 m a.s.l. (Fig. 4.2) is reached in these wooded areas in 
the southeast of the city. The southern parts of Aachen are generally typified by open spaces, 
forests, and less dense building structures (see also Fig. 5.8). Aachen’s southwestern part and 
the southern suburban area are covered mainly by forest with elevations up to 350 m a.s.l. The 
northwestern and northern districts are mostly covered by agricultural land. Due to a less 
distinctive relief and a sparse tree population this area is wind exposed (HAVLIK AND KETZLER, 
2000). In the northeastern and eastern parts of Aachen industrial and commercial areas with a 
high degree of surface sealing can be found. Situated concentrically within the urban area the 
city center is surrounded by ring-shaped roads following the former ancient city walls. The 
densely built inner-city is formed by the Aachen basin with differences in terrain height 
compared to the surroundings especially in the south of up to 285 m causing significant local 
climate phenomena in the urban area during low wind speed situations and during times of 
atmospheric inversion (HAVLIK AND KETZLER, 2000). The southern part of the approximately 20 km2 
sized (EMONDS, 1986) basin is structured by several small valleys alternating with ridges. The 
radial position of these small valleys reaching into the inner-city facilitates the penetration of 
cold air drainage flows into the city center during nighttime (SACHSEN, 2014). Due to a relatively 
flat relief this differentiation is missing in the northern part of the Aachen basin (HAVLIK AND 
KETZLER, 2000) where the so-called Soers represents the lowest point. 
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Fig. 4.2: Digital elevation model for the city of Aachen (ASTER GDEM Version 2).  
4.2 Local climate of Aachen 
Various studies have been carried out to investigate the climate of the city of Aachen. Already at 
the turn of the century in 1900, POLIS (1900) described several climate elements and later 
derived influencing parameters from meteorological measurements conducted on a daily basis 
over several years, which go back to 1838. In the 1980s HAVLIK (1981) addressed the urban heat 
island of Aachen and EMONDS (1986) focused on considerations for urban planning measures in 
terms of air quality. By looking at the urban specific climate modification and the underlying 
processes behind it, KETZLER (1997) ascribed remarkable importance to air temperature change 
rates. In 2001 the University of Aachen was commissioned by the city of Aachen to prepare a 
climate expertise (STADT AACHEN, 2001) which serves up to now as a standard reference for the 
whole city area and as a guideline for planning measures. In conjunction with this expertise a 
thermal image of surface temperatures was conducted and described in detail by HAVLIK ET AL. 
(2000). One century after the studies of POLIS in 1900, HAVLIK (2002) renewed the (large-scale) 
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climatological characterization of Aachen using the period of 1961-1990. He gave an overview of 
the relevant climate elements and addressed sultriness as a relevant parameter for human 
health for the first time for the city of Aachen. KETZLER ET AL. (2006) picked up on their study 
published in 1997 using warming and cooling rates to discuss air temperature differences 
observed within the last 30 years between the city of Aachen and its suburban and rural 
surroundings. Beside several temporal weather stations in the city’s surroundings, these studies 
are mainly based on data recorded at two fixed weather stations (WS) in the urban area of 
Aachen: 
1) WS DWD (Deutscher WetterDienst, German Weather Service): A reliable long-term set 
of observations can be obtained from this weather station operated by the German 
Weather Service. Approximately 600 m northeast of the inner-city of Aachen, this 
station was situated on the lowest of three hills (50°47' N, 06°05' E, 202 m a.s.l.) within 
the Aachen basin in a park-like surrounding. Although the choice of this station may 
cause problems due to its location on the summit of a small hill with high trees nearby 
and encircling buildings 200 m away, this station is assumed to be representative for the 
climate of Aachen. Various meteorological data on a daily basis allow an extensive 
evaluation of climate variability in the research area since the end of the 19th century. 
Such a contiguous data set that is subject to regular controls of the quality standards of 
its measurements is a crucial precondition for the detection of changes in the frequency 
of extreme events (DELLA-MARTA AND BENISTON, 2008). In April 2014 this station was 
relocated to a rural area in the west of Aachen because the measurement site was not in 
accordance with international standards anymore (DWD, 2011). 
2) WS Aachen-Hörn: Since 1980, the above-mentioned observations have been 
supplemented by measurements at the WS Aachen-Hörn – operated by RWTH Aachen 
University. The station (50°47′N, 06°04′E, 198 m a.s.l.) is situated approximately 1.5 km 
west of the inner-city center on a hill within the Aachen basin in a suburban setting with 
residential and university buildings in its surrounding. Since more than 30 years, 
amongst others, daily air temperature and precipitation data have been recorded 
continuously (10 minute intervals) (BUTTSTÄDT ET AL., 2010a) and daily values are regularly 
summarized in a monthly report (KETZLER ET AL., 2013). 
The climate of Aachen is generally controlled by two steering pressure cells: the subtropical 
semi-permanent center of high atmospheric pressure (Azore high) in the south and the subpolar 
semi-permanent center of low atmospheric pressure (Icelandic trough) in the north. The 
convergence of warm, often humid subtropical air masses and cold, often dry subpolar air 
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masses triggers the development of eastward moving cyclones which are associated with 
changing weather situations, cloudiness, precipitation, and increasing wind speed. 
In the study area, the pressure gradient is generally higher in winter than in summer resulting in 
an intensification of prevailing westerlies in the cold season (HAVLIK, 2002) and, thus, rather mild 
weather conditions in winter. The west wind zone is usually not parallel to the latitudes but 
developed in form of meanders due to the formation and position of Rossby waves. Since 
western Central Europe is often situated at the front side of a trough located over the Eastern 
Atlantic, the prevailing wind direction is typically southwest, often causing foehn effects as in 
this case Aachen lies in the lee of the southern adjoining highland. The air masses pass the low 
relief of Belgium and the Netherlands without significant modification so that the climate of 
Aachen is almost as maritime as the Dutch coast (HAVLIK, 2002). 
The maritime character of Aachen is visualized in the climate diagram of Aachen which shows 
typical air temperature and precipitation patterns at the WS Aachen-Hörn for the period of 
1980-2009 (Fig. 4.3). 
 
Fig. 4.3: Climate diagram for Aachen for the period of 1980-2009 (data: WS Aachen-Hörn) (Buttstädt et al., 
2010a). 
As described by BUTTSTÄDT ET AL. (2010a) for the period of 1980-2009, average annual rainfall and 
snowfall amount to 908 mm with the highest precipitation in December (87 mm) and the lowest 
in April (63 mm). Highest mean air temperatures are reached in the summer months of July 
(18.5°C) and August (18°C); lowest in January (3.1°C) and February (3.4°C) (Fig. 4.4). The annual 
mean air temperature of 10.5°C is comparatively high (in the national context) basically due to 
relatively moderate winter air temperatures (HAVLIK, 2002). Extraordinarily high winter air 
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temperatures in Aachen are often a result of the so-called Eifelfoehn so that Aachen is relatively 
warm at weather types that generally support cool situations. On the other hand, according to 
the above-mentioned maritime climate, summer air temperatures are relatively low and Aachen 
is rather cool at weather types supporting heat situations (EMONDS, 1986; HAVLIK, 2002). 
However, both, extreme low and high air temperatures are reduced significantly. The annual 
cycle of air temperature shown in figure 4.4 demonstrates a relative small air temperature 
amplitude of 15.4 K (18.5°C in July, 3.1°C in January) which is a result of rather high winter and 
low summer air temperatures. 
 
Fig. 4.4: Monthly means of air temperature at WS Aachen-Hörn, 1980-2009 (Buttstädt et al., 2010a). 
Relatively high winter temperatures are also expressed by the infrequent number of frost days 
(Tmin < 0°C) and ice days (Tmax < 0°C) within the period of 1980-2009 (Fig. 4.5) (BUTTSTÄDT ET AL., 
2010a) which are with an average of 46 and 9 days per year, respectively, rather seldom. There 
occurrence is limited to the months of October to April with the highest frequency in January. 
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Fig. 4.5: Monthly occurrence of different temperature parameters for the period of 1980-2009 (Buttstädt 
et al., 2010a). 
Summer days (Tmax ≥ 25°C), hot days (Tmax ≥ 30°C) and tropical nights (Tmin ≥ 20°C) occur most 
often in July. Extreme hot days (Tmax ≥ 35°C), which are generally very seldom, reach their 
maximum in August. The yearly number of summer days is 29 on average. Hot days occur on five 
and extreme hot days on four days per year. 
The development of described parameters within the period 1980-2009 is displayed in 
figure 4.6. While the number of frost days and ice days is declining by trend, the amount of 
summer days, hot days and extreme hot days is increasing. The number of tropical nights stays 
rather constant with a slight trend to a more frequent occurrence. 
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Fig. 4.6: Mean number of frost days, ice days, tropical nights, summer days, hot days and extreme hot 
days for the period of 1980-2009 (data: WS Aachen-Hörn). 
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The time series of the annual mean air temperatures shows an increase from 1980 until 2009 for 
WS DWD and WS Aachen-Hörn (Fig. 4.7). A comparison of the 10-year periods of 1980-1989 and 
2000-2009 reveals an air temperature rise of 1.2 K at WS Aachen-Hörn. Higher air temperatures 
at WS Aachen-Hörn may be due to structural growth in the southwest of Aachen in the last 20 
years. 
 
Fig. 4.7: Mean air temperature at WS Aachen-Hörn and WS DWD for the period of 1980-2009 (BUTTSTÄDT 
ET AL., 2010a). 
BUTTSTÄDT ET AL. (2010a) also report an increasing frequency of heat waves for the period of 
1980-2009 accompanying the increasing air temperature trend, whereas their duration and 
intensity have not changed significantly within the last 30 years (Fig. 4.8). 
 
Fig. 4.8: Frequency, duration and intensity of heat waves for the period of 1980-2009 at WS Aachen-Hörn 
(after BUTTSTÄDT ET AL., 2010a). 
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Regarding the spatial differentiation of air temperature, observations between April 1998 and 
March 1999 show that the annual mean air temperature in the inner-city of Aachen exceeds the 
values measured at WS Aachen-Hörn by 0.5 K (STADT AACHEN, 2001).This temperature difference 
is considered as an indication for the UHI intensity. However, WS Aachen-Hörn is located within 
the Aachen basin and therefore not perfectly unaffected by the UHI (KETZLER, 1997). The MUNLV 
reports the highest UHI (~7°C) for Aachen in relation to the city’s population compared to other 
agglomerations in North Rhine-Westphalia (Fig. 4.9) which may be due to its basin location and 
therefore limited air exchange. Furthermore, measurements for the period of 1971-1980 that 
show mean daily wind speeds of less than 3 Beaufort (3.4-3.5 m/sec) for more than one fourth 
of all measurement days suggest rather low wind speeds in the urban area of Aachen (STADT 
AACHEN, 2001). During low exchange weather conditions the vertical air exchange is impeded 
due to the development of inversions in the Aachen basin (BEZIRKSREGIERUNG KÖLN, 2011) which 
may lead to heat load and poor air quality.  
 
 
Fig. 4.9: Maximum temperature differentials between the inner-city and its surroundings  in relation to 
the number of inhabitants for cities in North Rhine Westphalia (MUNLV, 2009). 
Referring to a statistical survey by the city of Aachen, the proportion of residents aged 50 or 
older – which belong to one of the most vulnerable population groups – is expected to rapidly 
rise from 37% (2010) to 45% by 2020 (STADT AACHEN, 2009). Also the proportion of elderly within 
the inner-city is expected to rise as the proportion of those who migrate into the city center is 
assumed to increase with growing age (BBSR, 2011). By now, most of the residents aged 50 or 
older live outside of the inner-city center. With a proportion of at least 40% of all residents this 
4 Study area (city of Aachen)  51 
population group resides mostly in the south and northwest of Aachen (STADT AACHEN, 2009; 
PFAFFENBACH AND SIUDA, 2012). 
An urban climate measurement campaign over one year revealed that inversions occur on more 
than 25% of all days (HAVLIK AND KETZLER, 2000). Inversions contribute to an accumulation of 
particulate matter since air exchange is impeded. MERBITZ (2013) proved a high small-scale 
variability of urban particulate matter concentration which depends on the traffic volume, 
ventilation and vegetation structure. Traffic could be identified as the main causative factor 
negatively affecting air quality. MERBITZ (2013) also showed that the particulate matter 
concentration is influenced by large-scale circulation. Highest concentrations were found in 
combination with weak easterly winds and prolonged dry periods.  
Both, high air temperature and poor air quality may be positively influenced by air ventilation. 
The significance of cold air drainage flows for air temperature and air quality in Aachen was 
addressed by SACHSEN (2014) who examined the effect of vegetation on cold air drainage. He 
concluded that even vegetation with the highest density is permeable to cold air drainage. 
Urban planning strategies may also use vegetation stands to channel cold air towards specific 
city districts where there is urgent need to reduce nocturnal temperatures (SACHSEN ET AL., 2012). 
A historical view on the influence of land-use changes on the mean nocturnal cooling rates in the 
inner-city area of Aachen shows that the cooling by cold air drainage was reduced by 1.24 K 
between 1810 and 2010 due to further urbanization (‘suburbanization’), enhanced energy use 
and higher vegetation as a result of less intense agriculture and more park like landscape 
conservation (SACHSEN ET AL., 2014). Beside a mitigation of the UHI, the particulate matter 
concentration can be reduced by cold and fresh air supplied by cold air drainage from the rural 
surroundings. However, if cold air stagnates in the urban area accompanied by air masses with 
stable stratification, the air exchange is hampered and air pollutants can accumulate (SONG, 
2003).    
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5 Air temperature patterns in the city of Aachen 
Parts of this chapter are based on 
 Buttstädt, M., Schneider, C. (2014): Thermal load in a medium-sized European city using the example 
of Aachen, Germany. Erdkunde 68(2), 71-83. 
 Buttstädt, M., Sachsen, T., Ketzler, G., Merbitz, H., Schneider, C. (2011): A new approach for highly 
resolved air temperature measurements in cities. Atmospheric Measurement Techniques Discussion, 
4, 1001-1019. 
 Merbitz, H., Buttstädt, M., Michael, S., Dott, W., Schneider, C. (2012): GIS-based identification of 
spatial variables enhancing heat and poor air quality in urban areas. Applied Geography, 33 (4), 94-
106. 
 
For an overview of temperature patterns in the city of Aachen, the climate expertise for Aachen 
(HAVLIK AND KETZLER, 2000) provides information on different urban climates in the city area 
derived from a thermal image taken in 1998. The climate zones derived from this expertise are 
shown in figure 5.1: 
 
Fig. 5.1: Local climate zones for the city of Aachen (after HAVLIK AND KETZLER, 2000). 
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Inner-city climate: A sealing degree of more than 85% and a densely built-up area comprising 
mainly business and few residential buildings compose the climate of the inner-city. Vehicular 
traffic and a high surface sealing with building materials absorbing a high amount of solar 
radiation may cause hot spots of elevated temperature. 
Urban climate: Similar to the inner-city climate service buildings and residential buildings 
determine the climate around the inner-city core and sub-centers in the east. Although the 
sealing degree is high, the building structure is not as dense as in the inner-city and. The inner-
city ventilation is impaired due to the three-dimensional dense building structure so that 
elevated heat loads may also occur in these districts. 
Residential climate: A sealing degree of 10-70% and a building structure of primarily detached 
and semi-detached houses characterize the structure in residential areas. Research, sport and 
leisure facilities are also included. A loose building structure with a proper greening counteracts 
overheating and facilitates ventilation. This urban climate zone is adjacent to the city core with 
separated patches in the south. 
Commerce and industrial climate: A high sealing degree (>70%) and large single houses with 
larger interspaces between them describe the climate at commercial and industrial areas. These 
areas are mainly situated northeast of the inner-city. The leeward position of these areas 
enables emissions and heat load to be transported off the city – bearing in mind that the 
prevailing wind direction is southwest. 
Open land climate: This type is characterized by open wind exposed areas and an intensive cold 
air production during nighttime. With a sealing degree of less than 10%, a scattered building 
structure and comprehensive agriculture, these districts are located in the outskirts at the fringe 
of the city. 
Forest climate: Similar to open spaces, forests are important in terms of its mitigating function 
as areas with high air quality that serve as compensation for thermally disfavored areas towards 
the city core. The relative humidity is increased and ventilation reduced. Beneath the treetop it 
is cooler during the day and warmer at night in summer compared to the surroundings. Forests 
are mainly located in the south of Aachen and cover about 19% of the whole city area. 
Park climate: These green patches are city oases characterized by a low degree of sealing, a 
diverse flora and fractional water bodies. Depending on their size, parks may also have a 
valuable effect on heat load in its vicinity. 
Water body climate: As water bodies are rare in Aachen, this climate type is neglected. 
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STEWART (2009) refined the traditional classification and demonstrates a new approach to site 
classification using a prototype version of “local climate zones” in order to improve consistency 
and accuracy in climate reporting. 
In order to explain the spatial distribution of air temperature in the city of Aachen, an 
investigation of building and land use structure is required. Until recently, all available 
information on the UHI of Aachen have been based on measurements of surface temperature 
(HAVLIK AND KETZLER, 2000) and few measurement sites providing point information (weather 
stations) only.  Comprehensive field measurements of air temperature and the incorporation of 
the land use structure appear to be promising approaches to accentuate the understanding of 
the spatial patterns of air temperature in Aachen. In order to capture the spatial distribution of 
air temperature and to identify thermal hot spots, measurement campaigns using local transport 
buses as “riding thermometers” are carried out in this study. 
5.1 Measurement design 
Within the present study the advantages of different earlier approaches and of new 
technologies for mobile temperature measurements are combined. The measurement concept 
is designed to meet the requirements of an urban climate investigation by: 
 a data collection system with a manageable temperature and GPS data logger, 
 providing adequate accuracy, 
 a reliable long-term carrier system and, 
 an evaluation software that allows optimized data processing. 
Therefore, local transport buses belonging to the municipal traffic company ASEAG (Aachener 
Straßenbahn und Energieversorgungs-AG) are equipped with a self-built measurement device 
consisting of a temperature data logger and a GPS. The beneﬁts of mounting the device on local 
transport buses are environmental acceptability as well as time and cost savings since no 
additional vehicle has to be used. Due to the use of automatic instruments during scheduled bus 
rides, the working hours of the personnel are also not excessively stressed. Operating cycle and 
procedure are traceable and maintenance of the equipment is performed during regular 
maintenance of the buses. For temperature measurements, data loggers of the type Hobo Pro 
v2 (http://www.onsetcomp.com/products/data-loggers/u23-001) are installed. Temperature 
and GPS loggers are combined in a common enclosure (Fig. 5.2). A solid plastic tube protects the 
instruments from undesirable outside inﬂuences like damage by tree branches. This tube, in 
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turn, is ﬁxed to a ﬂexible stake which ﬁts into a mounting device. The top of the unit is covered 
with two radiation shields between which the external temperature sensor is placed. To ensure 
fast temperature adaption by intense ventilation, ﬁn heat sink elements with heat conducting 
paste enlarge the surface of the temperature sensor and thus provide a maximized contact 
surface for wind ventilation. As the engine is at the back of the vehicle, the device is attached to 
the front of the bus. To minimize the impact of warm air streaming outside the bus when 
opening the doors at each stop, the location of the logger was chosen to be on top of the bus at 
the left side above the driver’s seat. 
 
Fig. 5.2: Measuring instrument including GPS- and temperature logger (left) and mounting at the front top 
of the bus (right). 
From March 2010 until June 2011, temperature data are recorded during scheduled public bus 
rides within several measurement campaigns. The time-lag between the measurements is at 
least one day because only one set of measurement devices was available so that a routine 
maintenance timeout was necessary. Four routes are selected with individual lengths between 
12 km and 36 km (Fig. 5.3 and Tab. 5.1), each traversed by one bus from about 4 a.m. to about 
midnight. All kinds of local climate zones are covered by the bus routes so that temperature 
differences between urban and suburban sites can be detected as well as inner-city temperature 
differences. Depending on the particular bus and route the running time for one route varies 
between 40 minutes and 1.5 hours. The temperature data are recorded simultaneously along 
the four traverses at intervals of 5 seconds with an accuracy of ±0.2°C and a memory capacity of 
42,000 measurements. Location data are stored every 15 seconds by a GPS logger type Winner 
Fly (MOBILE ACTION, 2010) and lowered to an interval of 10 seconds when the driving speed 
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exceeds 13.9 m/s (50 km/h) in order to keep the distance between the recorded measurements 
nearly constant and to generate sufficient data for spatial analyses. The memory can store 
65,000 waypoints. 
 
Fig. 5.3: Bus routes along which the mobile measurements are carried out and measurement points. 
Tab. 5.1: Overview of the different bus lines and their route characteristics. 
  
Bus line Running time Route length Route direction Covered local climate zones 
2 50 min 15 km Southwest to east Suburban areas, forest and densely 
built residential sites 
7 40 min 12 km South to northwest Densely built residential sites and 
industrial area 
11 1 h 30 min 36 km Southeast to 
northeast 
Suburban areas, forest, densely 
built residential sites, industrial 
area and open spaces 
45 50 min 14 km West to southeast Suburban areas and densely 
built residential sites 
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5.2 Data handling and processing 
5.2.1 Air temperature data 
About 100,000 temperature values are measured for 256 points along four bus routes with a 
temporal resolution of mainly less than 2 hours for each measurement point along the bus 
routes. Data collected on 44 days between March 2010 and June 2011 are available. Of this data, 
only those days with precipitation less than 0.5 mm are used in order to eliminate errors from 
water adhering to the temperature sensor. Furthermore, data collected at a driving speed of less 
than 5 m/s (18 km/h) are not considered in order to ensure sufficient sensor ventilation. 
For the spatial analysis with focus on thermal load, only days of the summer half-year (April-
September) with a diurnal temperature amplitude of at least 7 K are taken into consideration for 
data evaluation. The threshold of 7 K is chosen to ensure distinctive diurnal air temperature 
variations. Measurement points with less than a total of 10 observations are removed. After 
data selection and preprocessing, data from 15 days remain for further analyses (Tab. 5.2, blue 
entries in the table). For these days the data from WS Aachen-Hörn are compared to those from 
WS DWD in order to detect strong discrepancies. This is the case for 8 September 2010 when at 
WS DWD precipitation of almost 2 mm is detected (Tab. 5,2, red entry in the table). In 
consequence, this data set is removed to avoid using improper data. In addition to clear sky 
conditions, which are considered in most case studies, the ﬁxed course of the campaigns 
produces a certain random representation of weather situations. This yields representative 
results for the whole measuring period and permits a detailed analysis of the general 
temperature patterns throughout the day in the urban area of Aachen. 
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Tab. 5.2: Measurement days with corresponding meteorological conditions (data source: WS Aachen-Hörn 
and *DWD). Colour codes are explained in the text.  
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Data evaluation is mainly focused on predeﬁned points along the traverses (256 points in total) 
that represent typical urban structures like urban canyons, different building densities, 
crossroads and green spaces (Fig. 5.4). 
 
Fig. 5.4: Extract from locations of the predefined points along the bus routes representing various areal 
characteristics. 
In order to specify the limiting conditions for data analysis, especially the minimum distance 
between the evaluation points along the bus routes, the sensors’ adaptability to changing 
temperatures needs to be ascertained. As deﬁned by LILJEQUIST AND CEHAK (1984), the adaption 
time of thermometers can be described by a coeffcient of thermal inertia. It is the time interval 
that is necessary to cover 63% of a given temperature difference. For this study two test series 
are carried out. In each case, two loggers are cooled down and then exposed to approximately 
29°C. One sensor is ventilated with a wind speed of about 5 m/s, representing the bus driving at 
low speed. The other sensor is not ventilated. A much faster adaption is achieved by the 
ventilated sensors (Fig. 5.5), which register a temperature change of about 21.7°C (18.8°C) 
within 10 min. Thus, 63% of the temperature range was reached within the ﬁrst 48 sec (52 sec) 
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(average: 50 sec), which represents the coefficient of thermal inertia. This coefficient of thermal 
inertia is then used to determine a minimum distance between the evaluation points along the 
bus routes to secure accuracy and, thus, avoid spatial uncertainty. 
 
 
Fig. 5.5: Temperature adaptability of ventilated (5 m/s) and non-ventilated sensors. 
Taking all available data records from the bus rides into consideration, 90% of all measured 
temperature changes along the routes were smaller than 0.01°C/sec. Within the time of thermal 
inertia (50 sec.) and a driving speed of 5 m/s a distance of 250 m can be covered. Thus, 90% of 
all temperature measurements are expected to register a temperature change of less than 0.5°C 
per 250 m at a driving speed of 5 m/s. Due to thermal inertia, this value of 0.5°C represents only 
63% of the real temperature change (100% = 0.79°C). The difference between measured and 
expected actual temperature changes results in a bias of 0.29°C. Although a bias of 0.29°C is 
considered to be acceptable as it is in the same order of magnitude as the accuracy of the 
instrument, the average bias is assumed to be much smaller. The driving speed of 5 m/s is 
deﬁned as the minimum speed for data evaluation and the distance of 250 m is chosen as the 
typical distance between the predeﬁned evaluation points. 
Since the bus routes have different road and traffic conditions and cover different urban 
structures, the real distances between the points differ. In the city center, a high density of 
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points is favored because temperature differences are expected to be small and the driving 
speed often reaches the minimum value of 5 m/s. However, 90% of the predeﬁned points have a 
minimum distance of 236 m, which is close to the aspired distance of 250 m. The evaluation 
software uses the GPS coordinates to select the closest temperature data and then interpolates 
them for the exact location of the nearest predefined point. These values are ﬁnally assigned to 
predeﬁned points. A similar approach, but manually performed, was used by CONRADS AND VAN 
DER HAGE (1971) who studied the inﬂuence of crossroads and open spaces on temperature in the 
city of Utrecht (Netherlands). 
To ensure comparability in time for measurements from different points, measured 
temperatures are converted into differences relative to data observed simultaneously by the 
reference WS Aachen-Hörn (measuring interval=10 min) for the afternoon (Fig. 5.6) and evening 
(Fig. 5.7). 
 
Fig. 5.6: Temperature differences (afternoon 1 p.m.-5 p.m.) to the reference WS Aachen-Hörn (triangle).  
 
5 Air temperature patterns in the city of Aachen 63 
 
Fig. 5.7: Temperature differences (evening 8 p.m.-12 p.m.) to the reference WS Aachen-Hörn (triangle).  
5.2.2 Spatial data on urban structure 
For land cover the data from the “CORINE Land Cover 2000” project (EEA, 1995) are used. 
Additional information on building use is provided by Aachen’s land registry office (STÄDTEREGION 
AACHEN, 2010) and used in combination with information on surface sealing (KOPECKY AND 
KAHABKA, 2009) and building height (BEZIRKSREGIERUNG KÖLN, 2010). These data are transformed 
into a new land use classification for Aachen with a spatial resolution of 2 m based on the 
classification by MERBITZ ET AL. (2012a). Ten classes were defined, of which three indicate the 
degree of surface sealing (10-50%, 50-90% and >90%), five represent unsealed land (green 
spaces, forest, water, agriculture and dump sites) and two classify buildings (residential and 
industrial) for the whole city area (Fig. 5.8). Altitude differences of up to 285 m require the 
inclusion of a digital elevation model. As the vertical temperature gradient is expected to differ 
strongly in the course of the day, altitude is included as a parameter in the multiple regression 
analysis based on the ASTER DEM (NASA, 2009). Within this multiple regression the vertical lapse 
rate was calculated for the day and evening separately in order to consider atmospheric 
conditions in an appropriate way. 
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Fig. 5.8: Land use classification for the city of Aachen (residential and industrial buildings are merged for 
better visualization) (after MERBITZ ET AL., 2012a). 
5.2.3 Statistical modeling of the spatial air temperature distribution 
The measurement network can only cover limited areas, which is not sufficient to comprise the 
overall spatial variability of the air temperature within a complex urban environment. Thus, 
unmonitored areas need to be assessed by applying alternative approaches (RYAN AND LEMASTERS, 
2007). Therefore, a multiple regression analysis is performed with observed air temperature 
data and described altitude and land use parameters (ALCOFORADO AND ANDRADE, 2006; 
SZYMANOWSKI AND KRYZA, 2009; SZYMANOWSKI AND KRYZA, 2012) (see chapters 5.2.1 and 5.2.2), in 
which their proportions are considered within radii of 50 m, 100 m, 250 m, 500 m and 1,000 m 
(Fig. 5.9-5.12) – following the approaches by KETZLER (1997) and MERBITZ ET AL. (2012a; 2012b). 
The best fits are integrated into a GIS-based model, which allows the calculation of the air 
temperature differences relative to the reference weather station for the whole city area with a 
spatial resolution of 10 m. 
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Fig. 5.9: Amount of buildings in a buffer size of 500 m (pixel values in dm²). 
 
Fig. 5.10: Amount of forest in a buffer size of 500 m (pixel values in dm²). 
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Fig. 5.11: Amount of green spaces in a buffer size of 500 m (pixel values in dm²). 
 
Fig. 5.12: Amount of sealing degree (>90%) in a buffer size of 250 m (pixel values in dm²). 
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First, the data are split into an afternoon situation (1 p.m. CET-5 p.m. CET) and an evening 
situation (8 p.m. CET-12 p.m. CET) to detect possible differences in the magnitude of the 
influence of the determining factors depending on the time of the day. The time spans of 1 p.m.-
5 p.m. and 8 p.m.-12 p.m. are chosen for three reasons. First, the dataset for the two phases 
need to yield a usable amount of measurements. Secondly, daily intervals of the same lengths (4 
hours each) need to be compared. Thirdly, these 4 hours include a) the hottest period of the day 
and b) in most cases the sunset period. Although the sun sets at some days after 8 p.m. the 
applied time frame was assumed to be reasonable for the evening situation since the cooling 
phase clearly starts before sunset. 
For the afternoon, 223 measuring points meet the criteria of data selection (see chapter 3.1) and 
are integrated in a multiple-regression analysis. The multiple R² results from the input sequence 
of the parameters. It is updated and accordingly improved with every parameter added to the 
analysis. For the afternoon situation, the step-wise regression yields the best fit equation when 
entering altitude, areas of more than 90% sealed surface (250 m radius), green spaces and forest 
(both 500 m radius) into a multiple regression model (Tab. 5.3). 
Tab. 5.3: Regression model parameters for air temperature (afternoon). 
Input sequence Parameter (radius) Coeff. Single R² Multiple R² RMSE 
1 Altitude (A) 0.0123915 0.79 (-)   
2 >90% Sealing (250 m) (S90) 4.18342e
-4
 0.51 (+)   
3 Green spaces (500 m) (G) 8.0176e
-5
 0.46 (-)   
4 Forest (500 m) (F) 4.3349e
-5
 0.21 (-)   
    0.82 0.38 
Best fit equation (p < 0.05): 
T=2.29393-0.0123915*A+4.18342e
-4
*S90250-8.0176e
-5
*G500-4.3349e
-5
*F500 
 
 
 
For the evening, another composition of determining factors arises. As the influence of surface 
sealing decreases, building density gains influence. A significant correlation between measured 
air temperature and green spaces is not obtained. Consequently, green spaces are not 
considered within the multiple regression for the evening situation (Tab. 5.4). This may be due to 
the fact that the measurements in the evening do not include some of the southern parts of 
Aachen with green spaces and a less dense building structure because the buses stopped 
running in some cases before 8 p.m. As a result, measurements during the evening provide 
fewer data (134 measuring points) so that the thermal pattern for the evening situation is not 
represented as well as for the afternoon. However, also MÜLLER ET AL. (2014) show a greater 
effect of vegetation during the day and additionally decreasing PET values with increasing wind 
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speed. Since at night, usually calm wind conditions are prevailing this explanation may also be 
reasonable for the small influence of green spaces during the evening.  
Tab. 5.4: Regression model parameters for air temperature (evening). 
Input sequence Parameter (radius) Coeff. Single R² Multiple R² RMSE 
1 Buildings (500 m) (B) 3.67743e
-4
 0.73 (+)    
2 Altitude (A) 0.00447877 0.61 (-)   
3 Forest (500 m) (F) 1.17895e
-4
 0.35 (-)   
    0.80 0.35 
Best fit equation (p < 0.05): 
T=2.7625+3.67743e
-4
*B500-0.00447877*A-1.17895e
-4
*F500  
 
  
 
As some of the land use data are only available within the area of Aachen, some GIS procedures, 
such as neighborhood statistics, make it necessary to downsize the city limits by a buffer size of 
500 m to remove errors that result when examining areas beyond the city limits.  
Comparing the model results with observed air temperature data the explained variance in both 
cases (afternoon and evening) exceeds 80% with statistical significance (α < 0.05) (Fig. 5.13 and 
Fig. 14). The fact that for the evening situation only positive temperature differences relative to 
the suburban reference station are shown may be due to the fragmentary measurements in 
suburban areas that are colder than the reference station.  
 
 
Fig. 5.13: Comparison of modeled and measured air temperature deviations (afternoon) relative to the 
reference station [K]. 
R
2
=0.82 
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Fig. 5.14: Comparison of modeled and measured air temperature deviations (evening) relative to the 
reference station [K]. 
The autocorrelation of the residuals is calculated by Morans I (LI ET AL., 2007) showing no 
significant autocorrelation for the midday situation (Morans I=0.24). For the evening situation 
Morans I is 0.55 supposing clustered values. This can be explained by the lack of measurements 
in the southern part of Aachen. 
The issue of collinearity is addressed by linearly correlating the parameters used in the 
regression model (Tab. 5.5). Correlation coefficients are calculated for each pair of the five 
predictors. Except for the correlation between green spaces and forest (p-value=0.77) the partial 
correlation coefficients are statistically significant at the 95% level of significance 
(p-value < 0.05). 
Although the predictors are not independent of each other, the explained variance of the overall 
statistical model significantly increases when not only one parameter is included within the 
regression analysis. Therefore, all parameters are taken into account as they represent different 
effects of urban structures on air temperature. For example, within urban areas a large 
percentage of areas without buildings are sealed surfaces without any vegetation, so that 
building density cannot simply be considered as the residual after subtracting green spaces from 
an area and vice versa. 
  
R
2
=0.80 
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Tab. 5.5: Correlation coefficients for each pair of the five predictors used in the regression analysis. 
 Building density 
(500 m) 
>90% Sealing 
(250 m) 
Green spaces 
(500 m) 
Forest 
(500 m) 
>90% Sealing (250 m) 0.58 (+)    
Green spaces (500 m) 0.43 (-) 0.29 (-)   
Forest (500 m) 0.16 (-) 0.15 (-) 0.00   
Altitude (point value) 0.42 (-) 0.36 (-) 0.40 (+) 0.23 (+) 
 
The model is cross-validated by sub-dividing the dataset of measured air temperatures into two 
samples. The parameters of the regression model are calibrated using one sample. The resulting 
model is evaluated using the other sample by comparing the model result to the measured air 
temperature values of this sample. For the afternoon situation the RMSE is 0.44 K (R²=0.71) and 
0.36 K (R²=0,80). For the evening situation the RMSE is 0.51 K (R²=0.63) and 0.47 K (R²=0.69) 
respectively, clearly indicating the reliability of the modelling approach. 
5.3 Modeled spatial distribution of air temperature in Aachen 
Areas with enhanced thermal load are not distributed uniformly in urban areas but appear as 
hot spots with different spatial extents (TAHA, 1997; OKE, 2001). The basin location of Aachen 
poses a problematic situation for the city and its dwellers with regard to heat accumulation in 
the warm season during situations with low wind speed. Temperature anomalies and 
overheating of speciﬁc areas (UHI) are also consequences of building structure and heat 
capacities of the surface materials. Poor air exchange suggests especially the densely built inner-
city with a high degree of surface sealing and anthropogenic heat release to be susceptible for 
the generation of an UHI (HELBIG, 1999). 
Figures 5.15 and 5.16 illustrate modeled temperature patterns in the city of Aachen. Percentiles 
indicate the lowest to highest percentages of air temperature differences during the afternoon 
and the evening relative to the reference station. The air temperature differences between the 
coldest and warmest areas, which indicate the UHI intensity, are 2.6 K for the afternoon and 
2.8 K for the evening respectively. In the evening, the UHI intensity fields have a rather 
concentric shape with some local irregularities, as also observed by BOTTYÁN AND UNGER (2003) 
for Szeged (Hungary). Green spaces (parks and meadows) and forest sites are the coolest areas, 
which is mainly due to evaporative cooling and a lack of buildings and surface sealing. Industrial 
areas northeast of the city center tend to heat up most intensely during the afternoon. This may 
be caused by sealed surfaces including parking lots and business parks which are widely exposed 
to incoming radiation due to a less dense building structure. Different bulk properties and 
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radiative properties of paving materials such as asphalt and building materials such as concrete 
contribute to elevated air temperatures. Additionally, there is a relatively large amount of heat 
release when offices and commercial facilities are in use, as also shown by NARUMI ET AL. (2009). 
The temperature distribution indicates the strong influence of a dense building structure on the 
air temperature for the evening situation, as it is the case for the inner-city. Heat is gradually 
released preventing cooling and keeping air temperatures relatively high. Like many UHI studies, 
also the case of Aachen shows a spatial expansion of the UHI around the inner-city core towards 
the night. Since the model is not able to simulate cold air that originates from green areas and 
that drains along valleys into the city core, the extent of thermal hot spots may be 
overestimated at night. 
 
 
Fig. 5.15: Modeled air temperature pattern of Aachen for the afternoon with corresponding mean wind 
directions at WS Aachen-Hörn. The percentiles indicate lowest (blue) to highest (purple) air temperature 
differences relative to the reference station in 5% steps. 
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Fig. 5.16: Modeled air temperature pattern of Aachen for the evening with corresponding mean wind 
directions at WS Aachen-Hörn. The percentiles indicate lowest (blue) to highest (purple) air temperature 
differences relative to the reference station in 5% steps. 
However, it has to be noted that the measurement concept involves only one bus route that 
covers the south of Aachen due to the time schedule of the local bus company. Thus, the 
measuring network during the evening is less dense compared to the one covering the afternoon 
situation. This may cause biases for the southern and northwestern part of the city for the 
evening. Since the study focuses on the spatial pattern of the UHI, the relevant areas around the 
city core are not affected by the limited data availability in the south and northwest. 
An analysis of differences between measured and modeled data is performed to expose both 
strengths and weaknesses of the model. Figure 5.17 shows an air temperature profile along a 
route from the southwest to the east of Aachen. While lower air temperatures seem to be 
generally slightly overestimated, inner-city air temperatures are rather underestimated by the 
model (Fig. 5.18). One explanation may be that inner urban park sites, which belong to the class 
of green spaces, do not preponderate within the multiple regression analysis as the buffer size of 
500 m captures mostly green spaces outside the inner-city. Small sites of urban green are not 
accounted for significantly. Thus, the sealing degree, which is determined in a buffer of 250 m, 
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has a higher influence within the calculation and, hence, is likely to contribute to an 
overestimation. Furthermore, as the model is not able to consider wind direction, the air 
temperature for those measuring points next to green spaces on the windward side may be 
overestimated. The prevailing wind direction for the afternoon is west, for the evening 
southwest. This may explain the overestimation at the beginning of the profile as the measuring 
points in the southwest of Aachen are environed by green spaces and forest on the windward 
side. Inner-city and industrial areas produce an urban plume that is advected downwind (OKE, 
1982) to the north and northeast, resulting in an underestimation of modeled air temperatures 
north and northeast of the inner-city and industrial areas. Although the urban plume is rather 
considered as a property of the urban boundary layer, this may be a good example of how the 
UHI structure can be eroded or moved due to local winds. Additionally, heat release from 
combustion activities promotes elevated temperatures particularly in industrial areas. 
Discrepancies between measured and modeled data are more pronounced during the evening 
when cold air drainage flows cool down specific locations around the inner-city. 
 
 
Fig. 5.17: Transect along one bus route from the southwest to the northeast of the inner-city. 
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Fig. 5.18: Measured (Meas) and modeled (Mod) air temperature differences relative to the reference 
weather station for a profile along one bus route from the southwest to the east of Aachen (Fig. 5.10). 
Modeled data are illustrated as triangles, measured data as circles (lilac: evening (eve), green: afternoon 
(aft)). Columns indicate differences (Diff) between observed and modeled data for the afternoon (grey) 
and evening (white). They are plotted one upon the other to allow a direct comparison between the 
afternoon and evening situations. 
5.3.1 Linkages between the spatial structure of the UHI and particulate matter 
concentration  
Investigations point to the fact that due to increased physiological stress and an altered 
physiological response to toxic agents particulate matter has largest effects on mortality on hot 
days (ROBERTS, 2004). As the indoor infiltration of particles is stronger and the amount of 
outdoor activities is much higher in summer, a sub-study addresses the risk exposure of urban 
residents to concurrent poor air quality and enhanced thermal load in the inner-city.  
Particulate matter, chemical data and air temperature is available from three permanent 
weather stations in the region of Aachen which are operated by the state Environmental Agency 
(Landesamt für Natur, Umwelt und Verbraucherschutz des Landes Nordrhein-Westfalen, LANUV 
NRW) including 
 the suburban station ‘Burtscheid’ (A), about 2 km south of the city center (205 m a.s.l.) 
 the rural station ‘Simmerath’ (B) at a forest site 20 km southeast of Aachen within the 
Eifel low mountain range (572 m a.s.l.) and 
 the urban station ‘Wilhelmstraße’ (C) within a street canyon (163 m a.s.l.) (Fig. 5.19). 
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Fig. 5.19: Permanent air quality stations and CORINE landcover for the region of Aachen (Merbitz et al. 
2012b). 
The sites represent the climate modification between the UHI and its suburban and rural 
surroundings. The vertical temperature gradient of 0.65 K/100 m that is determined between 
sites A and B (May-September 2010) is usually assumed to be the mean vertical tropospheric 
temperature gradient (HUPFER AND KUTTLER, 2005) so that an urban climate effect cannot be 
detected at site A. A temperature difference (after altitude corrections) of -0.02 K (ΔTB-A), 
17.3 km horizontal distance) shows almost no horizontal gradient between B and A, whereas the 
difference of +1.63 K (ΔTC-A), 2.1 km horizontal distance) suggests a strong air temperature 
gradient towards the inner-city. Based on this finding it is assumed that the UHI effect is 
apparent for site C while sites A and B are located outside the daytime UHI which is also 
detected when modeling the air temperature for the whole city (chapter 5.3). Especially the 
densely built-up area and the high degree of surface sealing in the inner-city in contrast to a 
sparser building structure and a greater amount of green spaces in the suburban and rural 
surroundings may lead to this air temperature anomaly (BUTTSTÄDT ET AL., 2010b). Furthermore, 
site A represents a windward situation with the dominating wind direction in Aachen being 
southwest. Site C is situated in a more leeward position relative to the city center in a densely 
built-up area in the eastern part of the inner-city. The setting in relation to the prevailing wind 
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direction may contribute to the rather low temperature difference between the rural and 
suburban site (ΔTB-A) on the one hand and the pronounced urban effect with a heated up city 
center reflected by ΔTC-A on the other hand. 
Figure 5.20 shows the time series of daily averages of air temperature at station A between May 
and September 2010. A strong day-to-day variability is evident.  
 
 
Fig. 5.20: Daily averages of air temperature at the reference station (A) between May and September 
2010 (the x-axis displays weekly sequences). 
The permanent recording was supplemented by mobile temperature measurements (chapter 
5.1). In addition to permanent site C, eight urban locations are selected from the data pool of all 
measurements acquired using the mobile system (see chapter 5.1 and table 5.2). During a period 
of 9 weeks from the beginning of May to the first week of July 2010 inner city measurements 
took place on 10 days between 9 a.m. and 5 p.m. The total of nine sites (C-K) are selected 
because they represent typical urban environments with different building structures, street 
configurations, traffic intensities and land use distributions in their surroundings (Fig. 5.21). 
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Fig. 5.21: Equivalent CORINE land use classes in the area of investigation and selected locations for 
temperature measurements with 400 m buffers. 
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Figure 5.22 illustrates the variety of urban environments represented by the nine selected sites 
showing the land use distribution within 400 m around each site. The set of locations cover a 
park situation (site D, 40% green urban areas) as well as inner-city environments characterized 
by a large proportion of continuous urban fabric and a high percentage of areas covered by 
streets (sites C, E, F, K). The remaining sites G, H, I and J represent average urban surroundings. 
 
 
Fig. 5.22: Distribution of equivalent CORINE land use classes within a buffer of 400 m around the nine 
urban sites. 
Differences between mobile measurements at each site and the reference station (A) are 
calculated in order to compare the temperature recorded across the city of Aachen. Only the 
daily temperature maximum is considered because of its relevance for thermal stress situations. 
In order to achieve this, the time interval (measurement interval=30 min) of maximum 
temperature at site A is determined. Subsequently, the chronologically closest values of no more 
than 1.5 hours difference to the maximum temperature recorded at the 9 selected locations are 
taken to calculate ΔTmax(site)-max(A). 
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Fig. 5.23: Temperature differences relative to site A (‘Burtscheid’) at nine locations. 
The mean maximum temperature over the ten measurement days is 15.8°C at site A with a 
standard deviation of 9.2°C. The highest average negative anomaly (-1.3 K) from site A is 
obtained at site D, an urban park situation (Fig. 5.23, mean). Anomalies at all other stations are 
deviating positively on average. The highest values are reached at point K (approximately +1 K), 
followed by site E (approximately +0.8 K) and F (approximately +0.7 K). All of these locations are 
situated in the eastern part of the inner-city and hence, represent leeward conditions. 
Point C, in contrast, shows a rather moderate temperature difference of +0.2 K, although it is 
located between sites E, F and K. Shading effects due to a street canyon situation with building 
heights up to approximately 18 m and a street width of about 27 m (h/w-ratio ≈ 0.65) may be an 
explanation for the low temperature anomaly. The range of differences in the maximum 
temperature between the measurement sites and the reference site (A) ranges from 1.4 K 
(7 May 2010) to 5.1 K (25 June 2010). The increasing range of temperature anomalies suggests a 
higher spatial variability of maximum temperatures in June compared to May. This may be 
traced back to reduced cloud coverage and increased sunshine duration in summer. 
The influence of spatial variables on air temperature is quantified after the method described in 
chapter 5.2.3. Differing from this procedure, buffer sizes were adapted to the requirements of 
combining temperature and PM measurements (not shown, for further details see MERBITZ ET AL. 
(2012b). Thus, a minimum buffer size of 200 m was selected in order to assure that both, 
temperature and PM measurement locations were situated within the centroids’ buffer, if they 
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did not coincide exactly. A maximum buffer size of 800 m was chosen because of the relatively 
small distance of 500-1,000 m between the centroids, which may lead to a high proportion of 
overlapping areas if the buffer sizes are chosen too large. 
In this analysis different influencing variables were correlated with daily maximum air 
temperature. 
Tab. 5.6: Correlation statistics for temperature differences and spatial variables. 
  R
2
 (p-value) 
Spatial variables Buffer Tmax  
Area proportion of continuous 
urban fabric (CORINE 1) 
200 m 0.51 (0.03) 
400 m 0.59 (0.02) 
800 m 0.41 (0.06) 
Population density point 0.61 (0.01) 
Building area 
200 m 0.78 (0.00) 
400 m 0.62 (0.01) 
800 m 0.34 (0.10) 
Mean canopy height 
200 m 0.32 (0.11) 
400 m 0.57 (0.02) 
800 m 0.38 (0.08) 
Degree of surface sealing 
200 m 0.82 (0.00) 
400 m 0.62 (0.01) 
800 m 0.28 (0.14) 
 
Only predictors with correlations exceeding an R² of 0.5 and reaching a p-value ≤ 0.05 are taken 
into account. Variables which failed to fulfill these criteria were the area of discontinuous urban 
fabric, commercial/industrial urban land use, standard deviation of canopy height and mean 
slope. These variables are excluded from a closer examination. The spatial predictors with the 
most significant correlation are used to derive hot spots of heat load within the city area. Next, 
the five predictors that showed the best performances are selected. For Tmax the predictors with 
the highest positive correlations were equivalent CORINE 1 land use (area proportion of 
continuous urban fabric), population density, building area, mean canopy height and degree of 
surface sealing (Tab. 5.6). Significant negative correlations occur for urban green areas. 
However, green urban areas are not considered for geo-statistical mapping as for the inner-city 
they are implied as residuals in surface sealing (surface sealing=1-proportion of urban green). 
The predictors are further mapped for the city of Aachen as grids with a cell size of 10 m x 10 m. 
For the population density the data is available for constituencies and artificially downscaled to 
10 m x 10 m. A combination of the highest values of these influences is expected to reproduce a 
significant effect on the spatial distribution of air temperature. Thus, 80th and 90th-percentiles 
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(P80 and P90) are selected for the extraction of the highest values of each variable to account for 
the individual distribution of each predictor over the total municipal area. P80 and P90 are 
frequently used in terms of heat load considerations (DELLA-MARTA ET AL., 2007; IPCC, 2007) and 
hence are used as thresholds for the delimitation of districts with a pronounced influence of 
spatial predictors on temperature. The extraction of areas with values above these thresholds is 
visualized in figures 5.24 and 5.25. Figure 5.24 illustrates threshold (P80 and P90) exceedances 
based on the buffer size which showed the best correlation with temperature. 
The domain with the highest CORINE 1 land cover extends far beyond the inner-city into the east 
and thus exhibits the largest area compared to the other spatial variables for P80 and P90 
(Fig. 5.24/5.25). CORINE 1 provides information about building and land use without providing 
direct information about the building structure or the type of house constructions in the vicinity. 
Still, a high percentage of CORINE 1 is expected to coincide with high surface sealing and dense 
building areas. 
The areas in which P80 and P90 of building area and surface sealing are exceeded (Fig. 5.24/5.25) 
overlap to a high degree. Especially in the western and southern suburbs, areas with a high 
surface sealing exceed areas with high values of building density. This suggests the necessity of 
using both spatial variables instead of only one, as both predictors are commonly responsible for 
enhanced temperature levels. 
The canopy height is only calculated for buildings. Vegetation is not considered. The average 
building height is an additional one-dimensional information that needs to be examined 
together with the building area. Only the combination of building height and building area may 
have environmental impacts, since a large building volume is a crucial factor for reduced 
ventilation and modifications in the heat budget. The area of exceedance (P80, P90) in canopy 
height stretches to the industrial region east of the inner-city. Especially for P80 the large building 
heights in the city center are obvious. 
On the one hand, the population density is an indirect indicator from which the temperature 
distribution can be derived. In the summer half of a year it is mainly building density, which can 
be related to the number of residents, that contributes to overheating of certain districts. On the 
other hand, the population density is highly relevant for the estimation of population exposure 
to heat load. Within the area of enhanced risk of thermal stress, older people (>65 years), which 
are more vulnerable to heat (KOPPE ET AL., 2004) represent approximately 15% (P80), respectively 
13% (P90), of all inhabitant within the research area (STADT AACHEN, 2010). 
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Fig. 5.24: Exceedances of P80 of temperature related predictors (CORINE 1 land use within 400 m, total 
building area (200 m), surface sealing (200 m), mean canopy height (400 m) and population density (point 
value).  
 
 
Fig. 5.25: Exceedances of P90 of temperature related predictors (CORINE 1 land use within 400 m, total 
building area (200 m), surface sealing (200 m), mean canopy height (400 m) and population density (point 
value). 
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By overlapping the areas where all predictors exceed P80 and P90, high temperatures extend to a 
large area, covering most parts of the city center and the neighboring districts where high 
building densities and missing green spaces coincide. The positive effects of urban green areas 
and open spaces on thermal comfort can be clearly deflected from the geo-statistical results. As 
figure 5.26 shows, the results of the sub-study for the inner city almost match the modeled air 
temperature distribution for the whole city area for the afternoon situation (Fig. 5.15). 
Deviations mainly arise for the commercial industrial sites northwest and northeast of the inner 
city which may be explained by the fact that the sub-study concentrated on the inner city 
without taking into account measurement sites beyond the city core. Thus, industrial or 
commercial units are not integrated in the model statistics. Therefore, a conclusion may only be 
valid for the area in which the measurement sites are located. 
 
 
Fig. 5.26: Comparison between the modeled air temperature distribution for the inner city and the whole 
city area with P80 (white border), P90 (white hachured area). 
The examination of zones at risk for both thermal stress and poor air quality (Fig. 5.27) reveals a 
considerably larger area with heat load potential than those with high particulate matter levels. 
This can be explained by the fact that the threshold for trafﬁc density restricts the critical area to 
neighborhoods of major roads with high trafﬁc intensities for air pollutants. For P90, the common 
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zone is restricted to neighborhoods along the inner city trafﬁc ring with the highest trafﬁc 
densities. Sites C, F, H and K – all of them located east and southeast of the inner city core – are 
most heavily burdened by potential heat load and poor air quality (Fig. 5.27). According to the 
model results point I is also located within the critical area. In contrast, particulate matter and 
temperature measurements at point I show rather moderate values (MERBITZ ET AL., 2012b). 
Possible reasons may be the windward situation northwest of the inner city center, the relatively 
open location at a wide intersection and the large open spaces in the upwind direction allowing 
for effective ventilation. Another factor may be the inﬂuence of urban green spaces north and 
east of site I with an area of approximately 0.4 km², extending mainly outside the 400 m buffer. 
Neither the geometry of the building structure in the close vicinity, nor the impact of vegetation 
beyond the buffers could be considered within the applied model. For site D the model 
performance reﬂects the measurements well. The low particulate matter and temperature levels 
at the site are well reproduced by the chosen spatial predictors (MERBITZ ET AL., 2012b). For point 
E the measurement values for particulate matter are relatively high although this site is not 
situated within the critical area, neither P90 nor P80 (MERBITZ ET AL., 2012b). An explanation may 
be the relatively low number of cars in the direct vicinity of the measurement site. This leads to 
a rather low value of trafﬁc kernel density, a statistically relevant parameter, at this site. Sites G 
and J lie in the risk zone for P80, implicating a slight overestimation compared to the relatively 
low measured particulate matter and temperature levels. Again, the windward situation (west of 
the inner city core) may explain this discrepancy. Site A is situated clearly outside the critical 
area. The fact that the model results approve the measurements at site A as well, even though 
this site was not incorporated into the correlation statistics, underlines the good performance of 
the model. However, the model is not designed to predict exact temperature values and 
particulate matter levels at a given location but rather aims at delimiting the spatial zones of 
enhanced risk potential. The chemical analyses of the ambient PM10 and PM2.5 collected at the 
three permanent stations in the region of Aachen support the geo-statistical risk assessment, 
showing the highest concentrations of health relevant substances like metals and PAH at site C 
which is situated within the risk zone (P90) (MERBITZ ET AL., 2012b). 
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Fig. 5.27: Exceedances of all predictors related to temperature and particulate matter at P90. 
5.3.2 Air temperature versus surface temperature 
The model output for the whole city area (Chapter 5.3, Fig. 5.16) is compared to thermal 
imagery in order to examine similarities and differences between modeled air temperature data 
and surface radiant temperatures. The thermal image was mapped in the scope of the climate 
expertise of Aachen commissioned by the city of Aachen (HAVLIK ET AL., 2000). The infrared aerial 
survey was conducted during a HM weather type between 8.00 p.m. and 9.20 p.m. MESZ on 23 
September 1998 with a thermal scanner type Daedalus AADS 1250 (spatial representation: 7.5 m 
x 7.5 m; thermal representation: 0.1 K) (HAVLIK ET AL., 2000).  
For comparison, the pixel values of the modeled urban temperature differences for the evening 
(see Fig. 5.16) are scaled so that the range matches the temperature values of the thermal 
image. The subtraction of adjusted air temperature values from surface temperatures reveals a 
map of differences between both measurement methods (Fig. 5.28). 
The map of surface radiant temperatures (Fig. 5.29) shows – similar to the distribution of air 
temperatures – increasing temperatures towards the inner-city for an evening situation. 
Differences (Fig. 5.28) are concentrated on forests, streets, topographic depressions (green 
circles), inner-city core (orange circle) and metal roofs (grey circles). 
5 Air temperature patterns in the city of Aachen 86 
 
Fig. 5.28: Temperature differences between modeled air temperature values and surface radiant 
temperatures(∆Tmodeled-surface). Circles indicate exemplary areas of temperature deviations (Orange: dense 
inner-city, green: accumulation of cold air, grey: metal roofs). 
Thermal conductivity, heat capacity and thermal admittance are the main reasons for the 
marked temperature differences between densely built-up areas and areas covered mainly by 
vegetation (PARLOW, 2003; NICHOL ET AL., 2009). Considering data with a difference of more than 
±0.5 K between modeled and measured values, more than 90% of these differences are forested 
areas (Tab. 5.7). In this case, the surface radiant image is not able to represent the air 
temperature 2 m above the ground realistically for forests. About one third of modeled air 
temperatures correspond to streets. An underestimation by the model is due to slow heat 
release as a function of the high thermal inertia of asphalt paved streets (BUYANTUYEV AND WU, 
2010). Positive deviations between model and remote sensing data are mainly restricted to 
areas of cold air accumulation during the evening and night, to the densely built-up inner-city 
center and to buildings with metal roofs, which have low emission values (usually between 0.1 
and 0.3 (STULL, 2000)) that make them appear too cold in the remotely sensed data. The latter 
source of error occurs – even though to a smaller degree – for roofs in general as they are 
usually constructed of materials which absorb solar radiation but have a low thermal inertia to 
minimize conductive heat transfer (ROTH ET AL., 1989). 
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Fig. 5.29: Thermal image of the city of Aachen (23 September 1998, 8:00-9:20 p.m., scanner type Daedalus 
AADS 1250, for detailed information see HAVLIK ET AL. (2000)). 
If the aforementioned deviations are neglected, the modeled air temperature values and surface 
radiant temperatures match within a range of -0.5 K to +0.5 K temperature difference. The fact 
that surface radiant temperatures and air temperatures are not correlated perfectly can be 
attributed to the different physics determining the heat exchange. While surface temperatures 
depend on the surface energy balance, air temperatures are controlled by horizontal and vertical 
heat fluxes in an air volume (ROTH ET AL., 1989). 
Tab. 5.7: Percentage of the temperature differences between modeled air temperature and surface 
radiant temperatures. Considered are all pixels belonging to the streets, buildings, green or forest 
variables. 
 ∆Tmodeled-surface 
Deviations in K Streets Buildings Green Forest 
< -1 7.0 2.2 3.5 79.8 
-1 to -0.5 27.3 14.1 12.9 12.8 
-0.5 to 0.5 60.3 68.7 71.2 7.0 
0.5 to 1 4.3 10.9 10.4 0.3 
> 1 1.1 4.1 2.0 0.1 
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6 Future climate in the city of Aachen 
Parts of this chapter are based on 
 Buttstädt, M., Schneider, C (2014): Climate change signal of future climate projections for 
Aachen, Germany, in terms of temperature and precipitation. Meteorologische Zeitschrift 23(1), 
63-74. 
 
This chapter addresses upper extremes to quantify unusually high temperature levels in the 
summer months June, July and August. In order to examine these events in more detail the 
corresponding probability density functions and their possible changes in mean and variance are 
investigated. An analysis is made of the present and future development of temperature 
extremes – including the frequency, duration and intensity of heat waves – because of their 
relevance for societal impacts such as public health issues. Since heat waves may also have an 
impact on urban vegetation, agriculture and forestry (CIAIS ET AL., 2005) an investigation on 
summer precipitation will take the relevance of summer drought incidences into account. 
Especially for Aachen where 41% of the land is used for agriculture and 19% is covered by forest 
(STADT AACHEN, 2010), it is not only knowledge about future temperature scenarios that is of 
great importance but also estimates on precipitation that may provide a crucial input for the 
redevelopment of crop-growing strategies and the choice of tree species that will be planted in 
future. 
6.1 Regional climate models used in this study 
The projections of four German RCMs are examined in this chapter of the study, of which two 
are based on a statistical downscaling approach and two on a dynamical downscaling scheme.  
The two statistical downscaling schemes used in this study are STARII (ORLOWSKY ET AL., 2008) and 
WETTREG (SPEKAT ET AL., 2007). Both models provide daily values of meteorological data as point 
information regarding the location of WS DWD in the city of Aachen (Fig. 6.1).  
Data for the dynamical models COSMO-CLM and REMO are averaged over 4x3 grid cells around 
the WS DWD. REMO covers a domain from 5.95/50.65 (lat/lon, lower left corner) to 6.25/50.85 
(lat/lon, upper right corner) with a spatial resolution of 10 km. The model domain of COSMO-
CLM was extracted from 5.8/50.6 (lat/lon, lower left corner) to 6.4/51.0 (lat/lon, upper right 
corner) with a spatial resolution of 18 km. The selection of the grid points is based on findings by 
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KENDON and ROWELL (2007) who determine that a spatial pooling of 3x3 grid points is effective at 
reducing grid-box noise. With 4x3 grid points the model region is slightly enlarged in order to 
properly center the city of Aachen within that region. Daily temperature and precipitation values 
are provided as average amounts per grid box. 
 
 
Fig. 6.1: Domains of the regional climate models COSMO-CLM, REMO, STARII and WETTREG. The cross 
indicates the position of the DWD weather station within the urban area. Altitudes below sea level refer to 
open pit mines. 
For this study the median realizations of all available model runs of the different RCMs for the 
emission scenario A1B are used for further evaluation. Since for all RCMs a different number of 
model runs is available, the realization which represents the median in terms of temperature 
change signal out of all available model runs of the respective model, is chosen. For STARII the 
median-realization for Aachen is provided by the Potsdam Institute for Climate Impact Research. 
The realizations for WETTREG, COSMO-CLM and REMO are downloaded from the World Data 
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Center for Climate (http://cera-www.dkrz.de/). For WETTREG, ten realizations are available from 
which the median is selected. For COSMO-CLM, three realizations are available from which the 
median is selected. For REMO, only two realizations are available so that one of them is chosen. 
6.2 Temperature development until 2100 
Compared  to the annual mean air temperature as 30-year running averages for the period of 
1960-2100, the regional climate projections suggest a further warming of approximately 1-2 K by 
the middle of the 21st century and 3-4 K by 2100 with respect to 1971-2000 (Fig. 6.2). The trends 
are statistically significant as tested by Mann-Kendall test (MANN, 1945; KENDALL, 1970). The 
projections conform to future estimations for North Rhine-Westphalia and Germany, 
respectively (SPEKAT ET AL., 2006; KROPP ET AL., 2009). With regard to the climate model 
experiments in the scope of the PRUDENCE project (CHRISTENSEN AND CHRISTENSEN, 2007), 
Aachen’s temperature rise is equivalent to the central European average at least on the basis of 
the two dynamical RCMs COSMO-CLM and REMO. 
 
 
Fig. 6.2: Development of the annual mean temperature for the period of 1960-2100 (30-year running 
average). Dashed and dotted lines present future scenarios analog to the IPCC SRES scenario A1B for the 
median realizations of the RCMs COSMO-CLM, REMO, STARII and WETTREG. 
The data are further analyzed with regard to the baseline period of 1971-2000, the medium 
term perspective (2031-2060) and the long term (2071-2100) with focus on summer 
temperatures only since exceptionally high temperatures are likely to pose a risk for human’s 
well-being and consequently stress the urgency of detailed investigations on temperature 
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extremes. The evaluation of the multi-model ensemble reveals a considerable temperature rise 
in Tmax, Tmean and Tmin (Tab. 6.1a). 
Tmax shows the greatest enhancement (+1.9 K 2031-2060 and +4.3 K 2071-2100, ensemble mean) 
compared to 1971-2000 with highest values generated by WETTREG (+2.8 K 2031-2060 and 
+5.2 K 2071-2100). The outputs of REMO suggest the smallest temperature increase (+1.2 K 
2031-2060 and +3.2 K 2071-2100). 
Tmin increases less than Tmax with highest values produced by WETTREG for the medium-term 
perspective (+1.8 K 2031-2060). By the end of the century COSMO-CLM and WETTREG show the 
highest temperature increase (+3.1 K) compared to the control period.  
Temperature changes are further quantified by the frequency of special days until the end of the 
current century. Calculated are summer days (Tmax ≥ 25°C), hot days (Tmax ≥ 30°C), extreme hot 
days (Tmax ≥ 35°C) and tropical nights (Tmin ≥ 20°C). Taking the median realizations of the model 
ensemble into consideration, a mean temperature rise of approximately 1.6 K (Tab. 6.1a) by 
2031-2060 will probably lead to an increase in summer days, which are expected to occur about 
1.5 times more often than at the end of the last century (Tab. 6.1b). Hence, about 35 summer 
days are expected to occur in the medium-term perspective (WS DWD: 23 summer days per year 
between 1971 and 2000). The number of (extreme) hot days is likely to double and almost a 
trebling of tropical nights is expected. Until the end of the century, the highest increase in 
summer days, hot days and tropical nights is projected by WETTREG while the lowest increase is 
generated by REMO. 
Since the statistical verifiability of significant trends in special days is difficult due to few 
exceedances over high thresholds, a significant trend could neither be determined for extreme 
hot days nor for tropical nights for medium-term perspectives until the middle of the current 
century. 
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Tab. 6.1: Calculated parameters for the summer months of June, July and August for the control period of 
1971-2000 and the future periods of 2031-2060 and 2071-2100 based on the median realization of the 
different RCM for the A1B scenario. Values in brackets indicate relative changes compared to the control 
period (1971-2000). The values of the ensemble mean for the control period show the mean values for all 
4 RCM and without the RCM STARII for the period 2071-2100. Values for STARII are also added to allow for 
an exact comparison for the future period of 2071-2100 for which no projection for STARII is available. 
a) Present and future average values for Tmax, Tmean and Tmin [K]. 
b) Number of summer days, (extreme) hot days and tropical nights per year. 
c) Future estimates on duration (days per year), frequency (events per year) and intensity (Teq) of heat 
waves for the projections of COSMO-CLM and WETTREG.  
d) Future estimates on duration (days per year) and frequency (events per year) of dry periods (at least 11 
consecutive days with a daily amount of precipitation of at most 1 mm) 
 
Period Parameter COSMO-CLM REMO STARII WETTREG Ensemble 
a) Temperature change 
1971-2000 Tmax 20.7 20.6 21.8 21.8 21.2/21.0 
Tmean 15.7 16.3 17.1 17.1 16.6/16.4 
Tmin 11.6 12.5 12.9 12.9 12.5/12.3 
2031-2060 Tmax 22.3 (+1.6) 21.8 (+1.2) 23.5 (+1.7) 24.6 (+2.8) 23.1 (+1.9) 
Tmean 17.2 (+1.5) 17.5 (+1.2) 18.6 (+1.5) 19.5 (+2.4) 18.2 (+1.6) 
Tmin 12.9 (+1.3) 13.8 (+1.3) 14.0 (+1.1) 14.7 (+1.8) 13.9 (+1.4) 
2071-2100 Tmax 25.1 (+4.4) 23.8 (+3.2) - 27.0 (+5.2) 25.3 (+4.3) 
Tmean 19.5 (+3.8) 19.4 (+3.1) - 21.4 (+4.3) 20.1 (+3.7) 
Tmin 14.7 (+3.1) 15.5 (+3.0) - 16.0 (+3.1) 15.4 (+3.1) 
b) Special days 
1971-2000 Summer days 21.2 14.6 22.9 20.8 19.9/18.9 
Hot days 8.3 2.5 4.5 2.7 4.5/4.5 
Extreme hot days 1.7 0.1 0.2 0.1 0.5/0.6 
Tropical nights 0.4 0.8 1.0 0.8 0.8/0.7 
2031-2060 Summer days 29.2 (+8.0) 21.2 (+6.6) 34.8 (+11.9) 43.1 (+22.3) 32.1 (+12.2) 
Hot days 12.1 (+3.8) 4.1 (+1.6) 9.0 (+4.5) 10.4 (+7.4) 8.9 (+4.4) 
Extreme hot days 3.2 (+1.5) 0.2 (+0.1) 0.7 (+0.5) 0.3 (+0.2) 1.1 (+0.6) 
Tropical nights 1.8 (+1.4) 2.2 (+1.4) 2.0 (+1.0) 4.5 (+3.7) 2.6 (+1.8) 
2071-2100 Summer days 42.8 (+21.6) 32.2 (+17.6) -  62.8 (+42.0) 45.9 (+27.0) 
Hot days 23.0 (+14.7) 10.0 (+7.5) - 24.8 (+22.1) 19.3 (+14.8) 
Extreme hot days 8.4 (+8.0) 0.9 (+0.8) - 2.3 (+2.2) 3.9 (+3.3) 
Tropical nights 6.9 (+6.5) 6.6 (+5.8)  - 9.0 (+8.2) 7.5 (+6.8) 
c) Heat waves 
1971-2000 Duration 3.8 - - 3.4 3.6 
Frequency  0.3 - - 0.6 0.5 
Intensity 62.0 - - 60.4 61.2 
2031-2060 Duration 4.6 (+0.8) - - 5.3 (+2.1) 5.0 (+1.4) 
Frequency  0.8 (+0.5) - - 2.3 (+1.7) 1.6 (+1.1) 
Intensity 62.5 (+0.5) - - 59.5 (-0.9) 61.0 (-0.2) 
2071-2100 Duration  4.4 (+0.6) - - 5.6 (+2.2) 5.0 (+1.4) 
Frequency  2.5 (+2.2) - - 5.3 (+4.7) 3.9 (+3.4) 
Intensity 63.9 (+1.9) - - 58.4 (-2.0) 61.2 (+0.0) 
d) Dry periods 
1971-2000 Duration 14.1 13.1 15.6 13.4 14.1/13.5 
Frequency 0.4 0.3 1.4 0.5 0.7/0.4 
2031-2060 Duration  14.5 (+0.4) 13.0 (-0.1) 15.1 (-0.5) 14.8 (+1.4) 14.4 (+0.3) 
Frequency  0.8 (+0.4) 0.4 (+0.1) 1.6 (+0.2) 1.1 (+0.6) 1.0 (+0.3) 
2071-2100 Duration  15.0 (+0.9) 14.4 (+1.3) - 16.2 (+2.8) 15.2 (+1.7) 
Frequency  1.4 (+1.0) 0.9 (+0.6) - 1.5 (+1.0) 1.3 (+0.9) 
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An investigation of the monthly estimates of Tmean and Tmax shows the highest temperature 
increase for WETTREG in summer (Fig. 6.3). For the medium term perspective (2031-2060) 
results from the statistical models STARII and WETTREG reveal that the highest temperature rise 
occurs in June and July for both, Tmean and Tmax. The outputs of REMO and COSMO-CLM suggests 
the highest increase to be most likely in August. By 2100, the projection for WETTREG shows the 
highest temperature increase in July while REMO and COSMO-CLM show the most pronounced 
increase in August. 
 
 
Fig. 6.3: Changes in Tmax and Tmean [K] for the months June (6), July (7) and August (8) of 2031-2060 (left 
column) and 2071-2100 (right column) compared to 1971-2000. 
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In order to examine future temperature extremes for June, July and August, the frequency 
distribution of the respective time series and its changes are analyzed in more detail. To attain 
independence from random features in the sample, a probability density function (PDF) that 
specifies the probability for certain values of the associated population (JONAS ET AL., 2005) is 
adjusted to the empirical frequency distribution of Tmax. Given that the data do not represent a 
Gaussian normal distribution (tested by Kolmogorov-Smirnoff test and Lilliefors test (WILKS, 
2011)), non-parametric distributions are fitted to the model data. 
The average maximum temperatures constantly rise for all model simulations until 2100. An 
accelerated temperature enhancement for the second half of the century is produced by 
COSMO-CLM. As hypothesized by figures 6.4 (COSMO-CLM)/6.5 (REMO)/6.6 (WETTREG)/6.7 
(STARII) a shift in mean Tmax to higher values entails pronounced changes in the frequency of 
extreme events as it could also be observed by MEARNS ET AL. (1984), BALLING ET AL. (1990) or 
WIGLEY (2009). A concurrent increase in variance – expressed by the standard deviation – 
indicates that the probability of higher Tmax increases in future. The change in variance is most 
pronounced for COSMO-CLM with an increased standard deviation of +2.0 K (2031-2060) and 
+2.8 K (2071-2100) compared to 1971-2000 (standard deviation: 4.2 K). For the other model 
simulations the standard deviation slightly changes between +0.1 K and +0.5 K for the 30-year 
periods analyzed in this study. These findings are consistent with a study by SCHÄR ET AL. (2004) 
and WEISHEIMER AND PALMER (2005) who also determined a substantial increase in variability in 
June, July and August over Europe. 
 
 
Fig. 6.4: Changes in PDFs for daily maximum summer (JJA) temperature (COSMO-CLM); m: mean, 
std: standard deviation. 
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Fig. 6.5: Changes in PDFs for daily maximum summer (JJA) temperature (REMO); m: mean, std: standard 
deviation. 
 
Fig. 6.6: Changes in PDFs for daily maximum summer (JJA) temperature (WETTREG); m: mean, 
std: standard deviation. 
 
Fig. 6.7: Changes in PDFs for daily maximum summer (JJA) temperature (STARII) ; m: mean, std: standard 
deviation. 
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6.2.1 Frequency, duration and intensity of heat waves 
As changes in mean temperature and variance affect the probability of extremes, prolonged 
periods of high summer temperatures are considered in terms of heat wave duration, frequency 
and intensity. Therefore, the projections of COSMO-CLM and WETTREG are examined to show 
differences between dynamical and statistical RCMs. 
Although the term 'heat wave' is frequently used in public media and scientific discussion there 
is no universal definition that quantifies its duration and intensity in general. Even the 
parameters used to identify a heat wave are not standardized (ROBINSON, 2001). Since the 
combination of heat and high moisture content in the ambient air is assumed to adversely affect 
human health (HAVENITH, 2005; D'IPPOLITI ET AL., 2010) the equivalent temperature (Teq) – a 
measure of relative discomfort – is employed in this study as an indicator for heat stress and 
further applied to identify heat waves (after HÖPPE, 1986; SCHÖNWIESE, 2003) 
            [Eq. 2] 
where 103*µ (mixing ratio) is related to the water vapor pressure (e) and pressure (p) by 
        
 
   
 [Eq. 3] 
Furthermore, Tmin is incorporated because high nighttime temperatures may pose a serious 
health risk especially for elderly people. Hence, a heat wave is defined as a sequence of at least 3 
consecutive days during which the daily Teq does not fall below 49°C and Tmin is not lower than 
18°C. The critical threshold of Teq = 49°C for sultriness is chosen according to HÖPPE (1986). Fixed 
values for Teq and Tmin are used as thresholds in order to ensure that events of a comparable 
intensity are examined. 
Based on observations at WS DWD, one heat wave occurred every two years with an average 
duration of 3.6 days and a mean intensity of Teq=59.3 K. By the middle of the century the 
number of heat waves may be twice as high (COSMO-CLM) or even four times higher (WETTREG) 
compared to 1971-2000. The duration is projected to increase by +0.8 days (COSMO-CLM)/+2.1 
days (WETTREG) while a positive trend in terms of the heat wave intensity cannot be 
determined. The projection for COSMO-CLM (WETTREG) shows that ~3 (~5) heat waves per year 
may be normal at the end of the century (Tab. 6.1c). These heat waves are likely to last between 
~4 (COSMO-CLM) to ~6 (WETTREG) days with a mean intensity of about 60°C (Teq). Irrespective 
of these calculations, isolated events can hardly indicate significant trends as demonstrated by 
FREI and SCHÄR (2001).  
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6.2.2 Weather types accompanied with above-average air temperatures 
In order to determine which weather types are accompanied with above-average temperature 
and/or below-average precipitation in summer the synoptic weather types which belong to the 
different circulation patterns (zonal, mixed and meridional) are analyzed (Tab. 6.2).  
In a first step, the frequency of the circulation patterns are determined for the period of 2002-
2013 as for this period the German Weather Service provides data on the synoptic weather 
types and circulation patterns (subjective weather type classification after HESS AND BREZOWSKI 
(1969) per online access: http://www.dwd.de/gwl).  
Tab. 6.2: Subjective weather types and mean differences to long-term mean values of air temperature [K] 
and precipitation [mm]at WS DWD for the summers of 2002-2013.  
 
 
Weather 
type Tmax Tmean Tmin Prec Class Temp Prec
WA < -4
WZ < -3
WS < -2
SWA < -1
SWZ ≤ 1
NWA ≤ 2
NWZ ≤ 3
HM ≤ 4
BM > 4
TM
HNA
HNZ
HB
TRM
NEA
NEZ
HFA
HFZ
HNFA
HNFZ
SEA
SEZ
SZ
TB
TRW
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In a second step, the differences between mean air temperatures which occurred during a 
certain weather type and the long-term mean temperatures (1971-2000) are built. The 
frequency of the meridional circulation patterns amounts to 41%, followed by mixed and zonal 
circulation (Fig. 6.8). 
 
Fig. 6.8: Frequency of mixed, meridional and zonal circulation patterns for the period of 2002-2013. 
 
For the meridional circulation the northern types are most frequent (44%). With 29% the 
southern types occur second most, followed by the eastern types (23%), northeastern and 
southeastern types (both 3%) (Fig. 6.9). Especially the weather types TRW, HNFZ, HFA, HNA, SEA 
and HNFA are usually accompanied with above average temperatures, which is also in 
accordance to the long-term observations (Fig. 3.5). However, the proportion of the single 
weather types is rather low (HNFZ: 3.7%, HFA: 3.7%, HNA: 2.1%, SEA: 0.4%, HNFA: 0.4%) except 
for TRW (9%). 
The weather types BM and SWZ occurred most frequently during mixed circulation patterns in 
summer between 2002 and 2013 (Fig. 6.10). Similar to the meridional circulation patterns the 
weather types ascribed to above-average temperatures are in accordance with the long-term 
assessment. BM, SWZ, HM and SWA are usually accompanied by relative high air temperatures. 
Although the mixed circulation types occur less often than the meridional ones, the weather 
types with above average temperatures occur more frequently due to the fact that the mixed 
pattern contains less weather types (BM: 12.6, SWZ: 11.2, HM: 3.6, SWA: 1.1). 
Only three weather types occurred during zonal circulation patterns, of which only WA is mostly 
ascribed to above average temperatures (Fig. 6.11). The annual proportion of this weather type 
is 5.8%. However, westerly weather situations do usually not cause exceptionally high 
temperatures.   
Mixed
36%
Meridional 
41%
Zonal
23%
6 Future climate in the city of Aachen 100 
  
6 Future climate in the city of Aachen                    101 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.9: Frequency of meridional weather types for the summer months June, July and August (2002-2013). Blue: northern types; green: northeastern types; grey: eastern types; orange: southeastern types; red: southern types. 
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Fig. 6.10: Frequency of mixed weather types for the summer months June, July and August (2002-2013). Blue: southwestern types; green: northwestern types; grey: high Central Europe, orange: trough Central Europe. 
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Fig. 6.11: Frequency of zonal weather types for the summer months June, July and August (2002-2013). Blue: western types. 
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The third step addresses the comparison of heat wave events which are detected for the time 
period of 1971-2000 for the WS DWD (chapter 6.3.1) to the controlling weather regimes (data 
for that period is provided by the German Weather Service).  
During these heat waves only weather types of the mixed (green; total of 54%) and meridional 
(red; total of 46%) circulation patterns occurred (Fig. 6.12). With 47% the weather types HM and 
BM with a high pressure center over Central Europe predominantly influence the temperature 
development, followed by the eastern weather types within meridional circulation patterns 
(28%; HFA, HFZ and HNFA) bringing warm and dry air from the Asian continent.  
Heat waves with the highest Teq can be ascribed to BM while heat waves with the lowest Teq 
occurred during HM-weather types (Tab. 6.3). 
 
Fig. 6.12: Frequency of weather types occurring during heat waves identified for the period of 1971-2000. 
Green: mixed circulation, red: meridional circulation. 
Tab. 6.3: Heat waves, associated weather types and heat wave intensity  in terms of Teq for the summer 
months (1971- 2000). Weather types: green: mixed circulation, red: meridional circulation; Teq: blue: 
lowest Teq, red: highest Teq 
Date of observed heat wave Weather type Teq 
17.08.-19.08.1974 SWA, SWA, TRW 59.9 
05.08.-09.08.1975 HM, HFA, HFA, HFA, HFA 54.7 
25.06.-28.06.1976 HM, HM, HM, HM 55.6 
05.08.-07.08.1981 BM, BM, NEZ 58.6 
09.07.-12.07.1983 HFZ, HNFA, HNFA, HNFA 59.4 
22.07.-24.07.1983 NWA, TRW, TRW 60.1 
25.07.-28.07.1994 BM, BM, BM, BM 63.2 
04.08.-06.08.1994 SA, SA, HNA 60.8 
09.07.-12.07.1995 BM, HNFA, HNFA, HNFA 61.4 
22.08.-25.08.1997 BM, BM, BM, BM 61.2 
19.06.-21.06.2000 HM, HM, HM 57.6 
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6.2.3 Precipitation change and summer drought 
Since increasing summer heat in combination with decreasing precipitation is likely to negatively 
affect agriculture and forestry (CIAIS ET AL., 2005), changes in summer precipitation are 
investigated additionally. After the definition of HÄNSEL ET AL. (2005) sequences of at least 11 
consecutive days with a daily amount of precipitation of less than 1 mm are regarded as dry 
periods. The calculation of the difference in the number of dry periods and average dry period 
duration is performed by taking the changes from the model runs and adding these to the 
number and duration of dry periods as observed in the control period at WS DWD. 
Figure 6.13 shows estimates of monthly precipitation changes for the summer months of June, 
July and August until the middle of the century and until 2100. For June all models indicate the 
highest mean precipitation decrease in future with values up to -30% (2071-2100 COSMO-CLM). 
In the medium-term the statistical models show the largest reduction for June and July while an 
increase in precipitation is projected for August. The opposite can be observed for July when the 
dynamical models COSMO-CLM and REMO show an increase in precipitation for the period of 
2031-2060. For June and August, the dynamical models constantly compute decreasing 
precipitation. All in all, there is a consensual agreement between all RCMs used in this study that 
in the long run precipitation will decrease in summer (-17% on average). 
Based on precipitation measurements at WS DWD 42 dry periods occurred in the period of 
1971-2000 with an average duration of 15.6 consecutive days. This means that on average 3 dry 
periods occurred every 2 years. The frequency of dry periods increases according to all four 
RCMs (Tab. 6.1d). The highest increase can be observed for COSMO-CLM and WETTREG (almost 
2.5 events per year until 2100). The duration differs from -0.1 (REMO) to +1.4 (WETTREG) days 
for the medium-term perspective. For the period of 2071-2100 the duration is projected for the 
RCMs as follows: +0.9 (COSMO-CLM), +1.3 (REMO) and +2.8 consecutive days (WETTREG). 
6 Future climate in the city of Aachen  107 
 
Fig. 6.13: Monthly precipitation change for the summer months of June, July and August for the periods of 
2031-2060 and 2071-2100 compared to the control period of 1971-2000. 
6.3 Comparison of the RCM projections with regard to temperature and precipitation 
In order to assess future climate conditions, the RCMs are checked for their reproducibility of 
the current climate. A reliable long-term set of observations is obtained from WS DWD in order 
to analyze the present climate and to verify the accuracy of the RCM. Estimations of the climate 
development are based on simulations of these RCMs. 
Average daily Tmax, Tmean and Tmin from temperature records for the summer (WS DWD) are 
compared to the climate projections for the period of 1971-2000 (Fig. 6.14, left). For daily Tmax, 
Tmean and Tmin, the dynamical models COSMO-CLM and REMO slightly underestimate the median 
value at WS DWD while the statistical models STARII and WETTREG are in good accordance with 
the observations. The latter can be ascribed to the fact that observations serve as input data for 
the statistical models. As indicated by the whiskers of the boxplots, lower values of air 
temperature are generally overestimated by REMO and WETTREG while the other models show 
a rather good accordance except for the underestimated values of Tmax computed by COSMO-
CLM. The upper tail of the corresponding distribution is generally rather underestimated by 
REMO, COSMO-CLM (except Tmax) and WETTREG. The length of the whiskers and the 
interquartile range also provide an indication of dissimilarities in variance, namely a larger data 
spread for, for example, Tmax obtained from COSMO-CLM and a slightly smaller one for all 
temperature parameters calculated by REMO. 
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Fig. 6.14: Comparison of daily Tmax, Tmean, Tmin and monthly precipitation sums between regional climate 
projections (COSMO-CLM, REMO, STARII and WETTREG) and observations obtained from the WS DWD for 
the summer months (JJA) during the control period of 1971-2000. Boxes show the interquartile range 
(IQR), which is defined by the lower (QL) and upper quartile (QU) and include the median value of the data 
population. Whiskers extend to the adjacent value, which is the most extreme data value within a range of 
QL 1.5*IQR and QU+1.5*IQR. 
Analog to the temperature analysis, observed daily precipitation sums at WS DWD are compared 
to the climate projections for the period of 1971-2000 (Fig. 6.14, right). The comparison of the 
RCM for summer precipitation shows good accordance between the statistical models STARII 
and WETTREG and the observational data, whereas the dynamical models COSMO-CLM and 
REMO produce more rainfall. 
Concerning the characteristics of a heat wave, the model estimates represent the observations 
quite well on average (WS DWD: heat wave duration: 3.6 days per year, frequency: 1 heat wave 
in 2 years, intensity: 59.3 K [Teq]). Deviations of +0.2 days (COSMO-CLM) and -0.2 days 
(WETTREG) can be detected within the control run for the duration of a heat wave. The 
frequency is slightly underestimated by COSMO-CLM (-0.1 days per year) and slightly 
overestimated by WETTREG (+0.2 days per year) and the intensity differs from +1.1 K (WETTREG) 
to +2.7 K (COSMO-CLM). 
Dry periods are calculated from observations at WS DWD for the period of 1971-2000 as follows: 
Dry periods last 15.6 consecutive days on average and occur 3 times every 2 years. For all 
regional climate models, except STARII, the occurrence of dry periods is considerably 
underestimated and ranges between -1.1 (REMO) and -0.9 (WETTREG) events per year between 
1971 and 2000. The duration is underestimated as well – even though to a smaller degree (-2.5 
(REMO) to -1.5 (COSMO-CLM) days). 
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7 Urban planning measures – review and perspective 
Parts of this chapter are based on 
 Maras, I., Buttstädt, M., Hahmann, J., Hofmeister, H. and Schneider, C. (2014): Investigating public 
places and impacts of heat stress in the city of Aachen. Die Erde 144(3-4), 290-303. 
 
Many studies deal with the integration of mitigation and adaptation measures in urban planning 
(e.g. Sustainability Center Bremen, 2009; WILSON AND PIPER, 2010; MKUNLV, 2011; SACHSEN ET AL., 
2011; MAHAMMADZADEH AND CHRISCHILLES, 2012). There is consensual agreement that without 
involving the city management, a climate-proof development can hardly be achieved. In the best 
case, climate protection which contributes to mitigation on a global level (not discussed in this 
study) is complemented by local climate adaptation measures. Adaptation is important as short-
term effects of climate change cannot be avoided only by climate protection. Facing climate 
change is a challenge which will last at least several decades. Therefore, areas of risk have to be 
identified - usually by a sensitivity analysis that considers the climatic, social, economic and 
environmental small-scale situation for different urban districts. Vulnerable areas can thus be 
identified by taking e.g. thermal hot spots, population density, income status, infrastructure, 
building conditions and the proportion of elderly into account (MKUNLV, 2011).  
Before a measure can be realized a feasibility study is recommendable in order to ascertain if a 
measure is reasonable in a certain district, in a street or at the scale of single buildings. Options 
for action in terms of adaptation can be classified in communicational and structural measures 
as table 7.1 shows. 
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Tab. 7.1: Overview of measures to reduce heat stress (after MKUNLV (2011) if not stated otherwise). 
 Measure Description Possible conflicts 
1 Limitation of building 
areas 
Definition of requirements within the land-use plan for an appropriate housing density and its distribution within a 
certain area. A low density of buildings and a network of green corridors ensure ventilation in the urban area and 
allow fresh and cold air to penetrate from the surroundings into the inner-city. In consequence, heat load can be 
reduced and air quality improved. 
However, infilling gaps between buildings and generating shared walls which reduce the heating needs of individual 
buildings may also be reasonable. 
Also the designation of areas as mixed use in order to locate commercial, residential, institutional and office uses in 
close proximity to each other contributes to a compact city with short travel paths. 
On the one hand a dense structure of urban development minimizes the area of land occupied, 
minimizes traffic and saves energy. On the other hand the UHI may be intensified buy a dense 
building structure. 
A balance between a compact city and enough green spaces has to be found to allow short travel 
paths without impeding air flow into the city or too much heat emissions from buildings that 
intensify the UHI. 
2 Preservation and 
creation of open spaces 
and of areas where 
fresh air is produced 
Designation of non-structural land-use within the land-use plan and declaration of certain areas as conservation 
area.  Large open spaces covered with vegetation (e.g. forest or parks) are fresh air producers. 
The climatological range of influence depends on size and arrangement of the area and its connection to the 
surrounding buildings. Green spaces separate residential areas from emitting industrial sites and contribute to a 
dilution and filtering of air pollutants. Green fingers further disconnect UHIs and lessen their health impact.  
Although small greens such as leafy courtyards do not produce an appreciable effect, they act as an inner urban 
recreational space. 
A lack of space in the urban area often prevents the creation or extension of green spaces. The 
greening of railway-tracks might be an alternative (GORBACHEVSKAYA ET AL., 2009).   
Densely soils save heat very well so that they do not produce cold air as much as loose soils (VDI, 
2003). 
Artificial irrigation may become necessary when too little ground water or soil moisture is available 
during dry periods in summer. This in turn may collide with the security of the public water supply. 
Planting heat resistant species may be an option. 
The plant species need to cope with current and future climatic conditions (ROLOFF ET AL., 2008; 
GALK, 2014). Planting of heat resistant species with a small water demand may be reasonable.   
3 Preservation, creation 
and rearrangement of 
parks 
Parks consist mainly of meadows, bushes and a sparse stand of trees which have a compensatory effect on the 
surrounding built environment due to evapotranspiration and shading.   
Also integrating lots for gardening and small-scale farming by including green spaces which facilitate urban 
agriculture and generate fresh air may be an option. 
Especially the air exchange during the night has a cooling effect on the surroundings. From an area of 2.5 ha 
upwards cooling effects reach a distance which correspond to the park’s diameter (UPMANIS ET AL., 1998). A 
remote impact is only produced by parks greater than 50 ha (WIRTSCHAFTSMINISTERIUM BADENWÜRTTEMBERG, 
2008). 
Small-scale farming additionally reduces food miles. 
see measure 2 
4 Planting vegetation 
along streets 
The vegetation in a street canyon has to be carefully chosen as the tree species need to be comfortable with the 
site condition and must not impede cold air drainage flows (measure 9).  
Adequate vegetation reduces heat due to shading and evapotranspiration. 
The choice of tree species may lead to an accumulation of air pollutants if their crowns build a 
closed canopy above a traffic intensive road.  
Some species produce volatile organic compounds which may contribute to the forming of ozone 
(BENJAMIN AND WINER, 1998); and yet others may not get along with summer heat, dry periods or 
winter cold (ROLOFF ET AL., 2008; GALK, 2014).   
The root system may damage supply lines. 
5 Planting vegetation on 
houses or at building 
facades. 
Roofs and building facades are the smallest units for greening potential in an urban environment. Greening of roofs 
may be integrated in the land-use plan as a requirement for new-built projects.  
Green roofs and facades have a positive effect on temperature (reducing temperature extremes), water balance 
(absorbing, retaining and evaporating rain water), energy consumption (reduced temperature in summer) and air 
hygiene (filtering of air pollutants). An assemblage of green roofs may even impact the microclimate (HOLZMÜLLER, 
2009; SANTAMOURIS, 2014).  
If the masonry is in bad order the plants may cause cracks in the wall. 
The effect of a green roof diminishes if the irrigation is not sufficient. 
6 Creation of open water 
bodies 
The evaporation of water uses thermal energy from the ambient air and thus cools the heated inner-city air and 
increases the moisture content. 
Moving water like fountains have a greater impact than standing water bodies. Water temperature warms slower 
Sultriness may occur due to an increased moisture content in the urban air. 
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than air temperature so that usually the water is cooler in summer than the surrounding air. 
7 Optimizing the 
orientation of buildings 
Constructing the building`s aperture to the downwind side or planning a block of building with weather-proof inner 
courtyards can reduce the direct heat input. 
This measure is only suitable for new-built projects, not for existing buildings. 
8 Thermal insulation and 
air-conditioning 
Insulation saves energy and maintains acceptable indoor air temperatures in summer. Therefore, materials with a 
low thermal conductivity are applied to house walls or roofs. Also air-conditioning systems are often installed in 
companies or private houses (HUPFER AND KUTTLER, 2005). 
Air-conditioning systems generate extra-heat for the outdoor air and increases the energy 
consumption (OHASHI ET AL., 2007). 
9 Preservation and 
creation of cold air 
channels 
Cold air channels connect the areas where fresh air is produced with the inner-city and are therefore important for 
air exchange. Especially for low-exchange weather conditions polluted air masses in the inner-city may get replaced 
by fresh air (VDI, 2003).  
Given that air flow can also take place during weak wind conditions, slopes need to be kept free from dense 
vegetation and buildings.   
The thicker the cold air masses that penetrate into the inner-city the greater the cooling effect during nighttime. 
Dense vegetation and tall buildings parallel to the slope are flow obstacles in cold air channels and 
may impede air exchange (DÜTEMEYER, 2000; WIRTSCHAFTSMINISTERIUM BADENWÜRTTEMBERG, 
2008). 
10 Structural shading 
elements for public 
spaces 
The direct heat input can be reduced by covered sidewalks, mounting awnings or external roller blinds and the 
quality of the pedestrian zone may be increased. 
- 
11 Use of shrubs and 
avoiding an artificial 
cover above ungrown 
soils 
Planting ground covering vegetation reduces soil dehydration and improves the infiltration of rain water into the 
soil. This is important to avoid a strong run-off that negatively affects soil erosion and groundwater recharge and to 
decrease the risk for flooding during extreme rainfall events. 
- 
12 Information 
management 
Heat health warning system, flyer in residential homes or hospitals and further education for nursing staff helps to 
raise awareness. Providing information can reduce health risks due to forward-looking action and different handling 
of heat (www.hitze.nrw.de) 
- 
13 Use of appropriate 
surface materials 
Thermal absorption and conductivity is different for natural landscapes and urban surface materials. Especially steel 
and glass have a high heating sale which means that they heat up strongly during the day and constantly release 
heat during night. Therefore surface materials have carefully be selected by their thermal properties (SAILOR, 
1995). 
Light materials for buildings or traffic zones reflect a greater proportion of and absorb less incoming solar radiation 
than dark materials. The UHI intensity may be reduced by an extensive area of light surface materials. Light 
concrete warms up to 13 K less than dark asphalt (VEREINIGUNG DER ÖSTERREICHISCHEN ZEMENTINDUSTRIE, 2009). 
The effect of light colors reduces by time as the surfaces get darker due to dust and dirt. 
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The urban adaptation measures (Tab. 7.1) are critically reviewed and adapted to the city of 
Aachen as far as possible. 
As it was expected, the results from this study reveal that the inner-city district is a hot spot for 
thermal load. It is supposed that this circumstance will not change in future because a removal 
of existing houses in the near future cannot be assumed – not least because of a tense situation 
on the housing market (STADT AACHEN, 2013). 
The second area of interest in the city of Aachen is the industrial district northeast of the inner-
city. During daytime, thermal load is most obvious in this area which is characterized by a high 
degree of surface sealing and a lack of vegetation. 
Since elderly people are susceptible for health risks due to heat, nursing homes and hospitals 
within the inner-city have to be considered within the municipal adaptation strategy. Especially 
an improved information management (Tab. 7.1, no. 12) may be helpful to avert fatalities within 
this population group. The German Weather Service developed a heat health warning system 
which is based on the apparent temperature (www.dwd.de  
Hitze+Warnungen/Biowetter/Thermische Bedingungen). In Hesse, the forwarding of heat 
warnings and rules of behavioral recommendations to the public, nursing homes and health 
authorities has helped to initiate preventive measures and to reduce the admissions from 
nursing homes to hospitals (UMWELTBUNDESAMT, 2004). Furthermore, many cities and 
organizations (e.g. Frankfurt, Stuttgart, German Committee of Disaster Prevention etc.) created 
a “heat flyer” including behavioral recommendations to raise the public awareness of climate 
change impacts and to avoid health damages. Also trainings for medical professionals may 
expand personal competence and thus, prevent adverse health outcomes. Such further 
education that aims at connecting theory and practice is offered for example by the Berlin 
Charité Hospital (www.klimawandelundgesundheit.de). A guide for mitigating heat stress in the 
workplace including information about causes, symptoms and treatment of heat as it was 
released by the OCCUPATIONAL HEALTH AND SAFETY COUNCIL OF ONTARIO (2009) may help to raise the 
awareness of the employees and in consequence, to reduce adverse health effects. 
Another measure may be the greening of buildings. Although green building facades can offer 
several benefits (e.g. promoting cooling processes, providing shade for surfaces and people, 
capturing air pollutants, filtering noxious gases and particulate matter, creating visual interest, 
and contributing to a reduction of sound levels that transmit through or reflect from the living 
wall system), vertical greening has not been approved as an energy saving method for the built 
environment (SHEWEKA AND MOHAMED, 2012). It is further not clear if these systems are 
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sustainable due to the materials used, maintenance, nutrients and water needed (OTTELÉ ET AL., 
2011). 
A more promising approach may be the increase of the roof’s albedo by light colors or greening 
in order to reduce (the local peak of) the ambient air temperature. SANTAMOURIS (2014) reviews 
various studies on the mitigation potential of reflective and green roofs and concludes that the 
mean decrease of the average urban ambient air temperature varies between 0.1 and 0.33 K per 
0.1 increase of the roofs’ albedo. ERELL ET AL. (2013) suggests that although use of high-albedo 
materials in canyon surfaces may lower air temperature, the reduction is not enough to offset 
increased radiant loads. As a result, pedestrian thermal comfort may in fact be compromised. 
SANTAMOURIS (2014) further states that green roofs may reduce the average ambient 
temperature between 0.3 and 3 K when applied to a city scale. An amount of 70-100% of the 
precipitation can be captured by vegetation and delivered again to the ambient air through 
evaporation. Heavy rainfalls reach the sewers delayed in time and thus disburden the municipal 
drainage system (MKUNLV, 2011). Green roofs further improve the energy efficiency that 
corresponds to a reduction in using air-conditioning systems.  
On the one hand, air-conditioning helps to decrease adverse health effects by reducing indoor 
air temperature (Tab. 7.1, no. 8). KALKSTEIN (1993) specifies the reduction in heat-related 
mortality due to air-conditioning use to amount to 21% when analyzing 25 summers between 
1964 and 1988 in New York City (USA). On the other hand, the waste heat from air-conditioners 
can increase outdoor temperature by 1-2°C as OHASHI (2007) shows for an office area in Tokyo 
(Japan). For a period in August 2003 TREMEAC ET AL. (2012) show that the local air temperature 
variation in Paris (France) is proportional to the sensible heat rejected locally by air-conditioning 
systems. This adaptation strategy is affordable by only a few due to the costs of electricity and 
the purchase price of air-conditioning units which further increases the inequity between the 
economically advantaged and disadvantaged (MCGREGOR ET AL., 2007).  
The retail trade settled in the industrial area may be equipped with air-conditioning systems to 
provide a pleasant stay for customers inside the buildings. In order to protect the environment 
and to save energy costs, waste heat from industrial processes can be used for a cooling system 
of the buildings (BENDEN ET AL., 2012). Furthermore, insulation of existing buildings may also be 
an option to reduce indoor temperatures. The choice of the insulating material may influence 
the maximum indoor temperature by -1 K (KEHL, 2010). 
Additionally to technical equipment, the working situation influences the heat health risk of the 
employees. With increasing temperature above the comfort level the productivity is reduced 
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(OcCC/ProClim, 2007). Beneath individual parameters such as age or diseases, physically 
strenuous work and clothing requirements may put additional strain on the individuals. Self-
employed persons are most flexible in terms of their working conditions and therefore have the 
widest range of options for adapting themselves to heat (PFAFFENBACH AND SIUDA, 2012). 
Besides indoor climate, public places where people gather and linger during their free time are 
of importance for heat adaptation measures. As MARAS ET AL. (2014) show for public places in 
Aachen, trees may lead to a reduction of PMV values in their adjacencies by up to -2.6 (from 
extremely hot to warm). The effect from lawns was small in comparison. In contrast to urban 
green KETTERER AND MATZARAKIS (2014) find the PET values under trees to be 10°C lower and at 
least 25°C lower than over sealed surfaces. However, planting trees is sometimes not possible 
due to only little room for the root structure, accumulation of air pollutants through a closed 
cover above a traffic intensive street, interference with building facades, streetlights or 
maintenance. An alternative may be permeable paving although the effect may be small when 
compared to the cooling potential of trees.   
Investigating thermal load areas in Oberhausen (Germany), MÜLLER ET AL. (2014) suppose wind 
speed to be the most effective adaptation measure. Moreover, vegetation shows a greater 
effect in combination with shading and evapotranspiration than water surfaces so that parks 
with sufficient water supply and trees providing shade and allowing for adequate ventilation 
may be the best option for action. SACHSEN (2014) investigated cold air drainage in the city of 
Aachen and showed that vegetation has a considerable effect on their range and quality. To 
ensure adequate wind speed which is necessary to supply relevant quantities of cool air into city 
quarters cold air channels should not be blocked – neither by buildings nor by expansive 
vegetation.   
Adaptation measures can be realized by local authorities, business companies or individuals. 
Thus, not only urban planners and policy-makers need to be convinced that investments in a 
climate-friendly city-planning can improve life quality, save energy and costs, boost the local 
economy and contribute to a modern townscape. Adaptation measures can be realized by the 
local authorities at different stages:  
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Fig. 7.1: Stages for the realization of adaptation measures. 
 
The later the intervention, the more laborious and costly is the limitation of damage. The city’s 
environmental department is usually concerned with issues on climate change without any 
appreciable co-operations with other departments (BIRK ET AL., 2011). Since there is no legislation 
that declares climate adaptation as a municipal statutory duty, this topic is still managed as an 
optional task. Given a strained budgetary situation of a city, the policy-makers may have 
difficulty to order adaptation measures. They may act differently if the city has been affected by 
climate change impacts and has already experienced fatalities due to heat waves, building 
damages due to floods or failure of crops due to dry periods. Also the subjective attitude of an 
executive employee (e.g. mayor) may foster the city’s engagement. The awareness is commonly 
raised within the administration before bringing the issue forward to the politics. The awareness 
raising is usually due to activities in climate protection which could be established in daily work 
and which is accepted and supported by other departments and within the public. As the 
example of the research project “dynaklim” shows, adaptation measures are often tackled 
together with already planned urban development projects which are not necessarily dealing 
with climate adaptation (e.g. designating new business parks or new residential areas) (BIRK ET 
AL., 2011).  
Companies usually do not have an own department which is concerned with the implementation 
of climate adaptation measures. Rather the manager or director themselves are responsible for 
sustainable strategies for the future. According to a survey by MAHAMMADZADEH ET AL. (2013) 40% 
of them often do not see their company to be effected by climate change impacts although the 
potential for damage is proven (e.g. decreasing productivity of employees, blackout of 
infrastructures, storm damage to overhead wires etc.) (CHRISCHILLES AND MAHAMMADZADEH, 2012). 
This is the main reason why most of the companies do not invest in adaptation measures. 
Uncertainties in climate data and future projections are commonly adduced as a further 
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argument of mostly large and medium-sized enterprises (37%) to explain their inactivity. Also 
high investment costs and long payback periods (mostly relevant for small enterprises) impede 
climate adaptation in 20% of the companies (MAHAMMADZADEH ET AL., 2013). For many economic 
sectors, the opportunities that are provided by climate change (e.g. export of ecological-friendly 
technologies, access of new tourist destinations, open up new business segments) overbalance 
possible risks. The perspective for those companies that adapt early may be the most promising 
to assert themselves under changing regulations and climate conditions. 
Single adaptation measures often do not go far enough. Rather the establishment of “Regional 
Governance” integrating local and regional actors within the regional adaptation strategy is 
desirable (FROMMER, 2009; BAASCH ET AL., 2012). 
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8 Central results and discussion  
A mobile measurement network is set up to record air temperature with a high spatial and 
temporal resolution. This was managed by using public transport buses providing continuous 
and simultaneous recordings due to a scheduled time-table and fixed routes. Along these 
regularly operating bus routes, large sections of the urban area are covered and air 
temperatures can be recorded during the whole day without relevant additional costs or time. In 
total, 15 days and up to 223 measuring points for the months May-September for the years 2010 
and 2011 are further processed with emphasis on the air temperature distribution in the city of 
Aachen and its influencing factors in urban structure. For this purpose, a statistical regression 
model is developed to simulate urban temperature patterns during the afternoon at the time of 
temperature maximum (1 p.m. – 5 p.m.) and during the evening cooling phase (8 p.m. – 12 p.m.) 
for the whole urban area. The model is based on observed air temperature data and a land use 
classification. The author refrained from applying a kriging model because outside the bus 
routes additional data such as the proportion of green areas, sealed surfaces or buildings are 
essential for a robust and plausible model taking land use and surface structure into account. 
Further, kriging only holds for the space between the specified measuring points whereas the 
applied regression model calculates air temperature values for the whole city area.  
The output of the multiple linear regression analysis shows significant correlations between air 
temperature and terrain height, urban structure and land use. The magnitude of these 
influences differs according to the period of the day and surface properties. Despite the fact that 
air temperature distribution in Aachen is largely determined by terrain, it was possible to carve 
out the influence of building density, sealing degree, forest and green spaces apparent in the 
model results. The sky-view-factor which describes the urban canyon relates to variables such as 
building density and building height. Since the incorporation of building height did not 
contribute to the best fit regarding the multiple regression analysis, this parameter was not 
further considered within the model setup. In addition, the sky view factor is either related to, or 
directly derived from, land use factors that are already used in this study. Therefore, the 
inclusion of the sky view factor in the multiple regression is not believed to further improve the 
model results.  
With the applied model a high degree of surface sealing accounts for the development of an UHI 
during the afternoon within the industrial area northeast of the inner-city. During the evening a 
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high building density has a more significant effect on thermal load. Thus, the UHI shifts in the 
course of the day from areas beyond the limits of the inner-city to the city core with a more or 
less concentric shape. The intra city temperature differences amount to +2.6 K during the 
afternoon and are slightly higher (+2.8 K) during the evening. Forest and green spaces also 
determine the specific air temperature patterns but their impact varies in the course of the day 
and with the size of neighborhood used for correlation statistics. 
Because of the high variability and unpredictable turbulences of air masses near the ground, the 
presented model is not able to take wind direction or cold air drainage flow into account. 
Advection is neglected and temperature in downwind areas may be either under- or 
overestimated. However, the comparison between modeled and measured air temperatures 
shows an explained variance of 80% (afternoon) and 82% (evening) respectively, indicating that 
the model results are not strongly violated by this effect. 
A comparison with a thermal imagery of surface radiant temperatures for the evening situation 
is in good accordance with modeled air temperatures except for those areas where energy 
exchange processes differ strongly between the surface and ambient air at 2 m above the 
ground. This is the case for forested areas where surface temperature relates to canopies much 
higher than 2 m above the ground, buildings with roofs characterized by a low emissivity 
coefficient, and cold air accumulation sites. Although surface temperatures can be significantly 
different from ambient air temperatures due to turbulence in the ambient air mass (MIRZAEI AND 
HAGHIGHAT, 2010) and surface properties, most of the remaining areas show deviations between 
surface radiant temperatures and modeled air temperatures in a range of less than -0.5 K to 
+0.5 K. Air temperatures at ground level and surface temperatures at roof level are obviously 
different. Nevertheless, it was surprising that both parameters yielded such a good accordance. 
This supports the idea that surface temperature also delivers useful information regarding 
patterns of air temperature. Taking a wider environment into account to describe the 
relationship between surface and air temperature, the influence of the nearby surface 
temperatures on the air temperature at a given point may even refine the results (UNGER ET AL., 
2010). 
The high resolution of such a small-scale model makes this approach suitable for use by urban 
planners. It is a promising approach that can easily be implemented in agglomerations which 
offer the necessary infrastructure. For the city of Hamburg the presented approach of mobile 
measurements has already been adopted (BECHTEL ET AL., 2012). 
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For the investigation of a combinatory effect of heat and poor air quality this model also was 
applied for the city of Aachen. Based on measurement sites in the inner city correlations were 
carried out between anomalies of maximum temperatures and PM levels on the one hand, and 
spatial parameters like land use, surface sealing, canopy height, trafﬁc and population density on 
the other hand. For each predictor, the 80th and 90th-percentile value was calculated from the 
distribution of the predictor over the total municipal area and used as a threshold value. Areas 
with exceedances of the thresholds of all relevant predictors were considered as being most 
likely affected by high values of air pollution and heat load. Zones with exceedances of the 80th-
percentile for temperature and PM related predictors are mainly located in the western, eastern 
and southern parts of the inner city, while within the inner city center the thresholds are 
exceeded for temperature, but not for PM, due to a relatively low trafﬁc density in the historic 
inner city core. The 90th-percentile threshold for temperature and PM related predictors is 
exceeded within a narrow zone along a main trafﬁc line in the eastern part of the city center and 
in neighborhoods of major intersections. The critical zone with exceedances of only temperature 
related thresholds extends over a much larger area, covering most parts of the city center and 
the neighboring districts where high building densities and absence of larger green spaces 
coincide. The positive effects of urban green areas and open spaces on air quality and thermal 
comfort can be clearly deduced from the geo-statistical results. The area affected by heat load is 
expected to expand due to anthropogenic climate change in the future. Increasing temperature 
in future may result in an extended critical zone.  
Since the UHI can be used as one parameter to consider heat exposure for urban residents, the 
future development of air temperatures and changes in extreme temperature events are 
assessed. The study refers to regional climate projections (A1B emission scenario) of the 
statistical climate models STARII and WETTREG and the dynamical climate models REMO and 
COSMO-CLM. The model outputs are compared a) with each other in order to assess 
discrepancies between them and b) with observations during the 30-year baseline period of 
1971–2000 in order to estimate future changes in heat load and precipitation patterns for the 
summer months of June, July and August. However, it must be kept in mind that the precise 
magnitude of changes is uncertain due to uncertainties in the estimates of global greenhouse 
gas emissions and biases in RCM and underlying GCM runs due to inadequate parametrizations 
of unresolved physical processes (e.g. cloud microphysics) (DELLA-MARTA AND BENISTON, 2008). 
Referring to the assessment in this study of observed and projected data, temperature in 
Aachen has continuously increased since the middle of the 20th century. Based on the median 
realizations of the model runs, further warming of approximately 1-2 K is expected by the middle 
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of the 21st century and 3-4 K by 2100 which is in accordance to previous studies that investigated 
future temperature rise for North Rhine-Westphalia and Germany based on the same set of 
RCMs. The general temperature rise is not only due to overall global warming in any weather 
regime. Furthermore, the temperature rise in summer can be partly explained by an increase in 
the frequency of anticyclonic weather regimes (CASSOU AND TERRAY, 2005) and a decrease in the 
strength of westerlies accompanied by an enhanced strengthening of easterly flow bringing 
warm and dry conditions to Europe (VAN ULDEN ET AL., 2007).  
These changes will probably be accompanied by an increase in variance. Accordingly to the study 
of Makowski (2008) who investigated the diurnal temperature range in Europe maximum 
temperature shows the greatest enhancement (+1.9 K 2031-2060 and 4.3 K 2071-2100, 
ensemble mean) causing almost a doubling of (extreme) hot days and a trebling of tropical 
nights as soon as the middle of the century. Since the statistical verifiability of significant trends 
for special days is difficult due to few exceedances over high thresholds, a significant trend can 
neither be determined for extreme hot days nor for tropical nights. Although the trend towards 
higher temperatures within the summer months is most pronounced for Tmax, an increase in Tmin 
is of greater societal concern as high night temperatures may be a crucial factor to provoke 
cardiovascular diseases in vulnerable population groups (KALKSTEIN, 1993; ABENHAIM, 2005) so 
that high night temperatures are considered within the definition of a heat wave. Also sultriness 
that may cause negative health impacts is accounted for by applying the equivalent temperature 
which includes air temperature and moisture content of the air masses. 
A heat wave is defined as the longest sequence of consecutive days at which the daily maximum 
mean equivalent temperature is above 49°C on at least three consecutive days during which the 
minimum air temperature does not fall below 18°C. By means of this definition, three to five 
heat waves which last four to six days may be normal by the end of the century. Thus, heat 
waves are likely to last longer and occur more often in future whereas a positive trend in terms 
of the heat wave intensity cannot be determined.  
Mixed (52%) and meridional (48%) weather types can be ascertained to the heat waves 
identified for the period of 1971 to 2000. With 47% the weather types HM and BM with a high 
pressure center over Central Europe dominated the extreme weather events, followed by the 
eastern weather types within mixed circulation patterns (28%; HFA, HFZ and HNFA) bringing 
warm and dry air from the Asian continent. Heat waves with the highest equivalent temperature 
can be ascribed to BM while heat waves with the lowest Teq occurred during HM-weather types. 
Since particularly the frequency of zonal circulation types is likely to decrease in summer as long-
term observations (1881-2013) have proven (personal communication with W. Koelschtzky 
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(DWD), www.dwd.de/GWL), mixed and meridional weather patterns which seem to generate 
elevated air temperatures and extreme heat events are likely to occur more often in future. A 
significant correlation between rising air temperatures and increasing frequencies of weather 
types supporting above-average air temperatures in summer was also found by Jonas (2007) 
who investigated changes in weather types for the months July and August 1829-2007 in relation 
to global warming taking the example of Aachen. However, a general conclusion of the temporal 
development of mixed and meridional circulation is difficult since both show a strong variability 
within the last 140 years. 
Based on the analysis of projected precipitation, rainfall in summer is likely to decrease by the 
end of the century. All four climate projections indicate a decrease in precipitation in summer 
until 2100 with -17% on average. The highest decrease is computed by COSMO-CLM with a 
decrease of -30% in June for the period of 2071-2100. A further examination of dry periods 
indicated longer and more frequent periods with little or no rain in future. The further increase 
in dry periods ranges from +0.6 (REMO) to +1.0 (WETTREG, COSMO-CLM) events per year until 
the end of the century. A decreasing amount of rainfall in the summer months in combination 
with increasing temperatures and longer heat waves until 2100 affects the soil moisture 
conditions on land used for agricultural purposes or forestry and also in urban eco-systems. By 
this, higher air temperature contributes to summer drought which may result in failure of crops 
and enhanced demand for irrigation both on agricultural fields and vegetation in cities. Dry 
periods may further  cause problems for the water management and power stations due to a 
lack of cooling water which may further jeopardize the safety of the electric power supply 
(RIEDIGER, 2012). Drying soils impede an upward transfer of latent heat and foster sensible heat 
flux from the hot land surface which, in turn, promotes the occurrence of hot summer days 
(FISCHER ET AL., 2007). 
Since the proportion of elderly within the inner-city is expected to rise as the proportion of those 
who migrate into the city center is assumed to increase with growing age (BBSR, 2011), the 
inner-city district may be the most important area of Aachen to implement adaptation 
measures. The consideration of the industrial area northeast of the inner-city into the cities 
adaptation strategy is also recommendable since the well-being and performance at the 
workplace is negatively affected by high indoor temperatures.  
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9 Conclusion and outlook 
According to preliminary data analysis this methodological approach – combining data of high 
spatial and temporal resolution with geographical attributes – opens new perspectives in the 
detection of urban temperature structures that inﬂuence air temperature patterns within cities. 
A better identiﬁcation of main factors such as building characteristics (e.g. height, density, area, 
building use) or land use (e.g. urban green, streets, continuous urban fabric) contributing to heat 
stress situations further indicates a mitigation potential that can be implemented in urban 
planning measures. Using public bus lines as carriers together with highly resolved measuring 
equipment, the former disadvantages of low spatial or low temporal representation of direct air 
temperature measurements can be overcome and a comprehensive data set which can be used 
for various areas of urban climate research can be collected. The use of temperature loggers 
installed on public buses is a promising approach that can be transferred to other regions as 
public bus networks generally operate within and outside inner-city districts. Beneath the 
calculation of the spatial air temperature distribution the model could be used to quantify the 
amount of additional green spaces or the amount of necessary unsealing in a certain district to 
reach a desirable air temperature that minimizes the UHI and contributes to less heat load at 
night. This approach is already adopted within the climate adaptation concept for the city of 
Aachen (KETZLER ET AL., 2013). Although the results are sufficient as a data base for climate 
adaptation measures, the approach could be further improved from a scientific viewpoint 
regarding four issues:  
 Spatial resolution: Additional bus routes would contribute to a more comprehensive 
view on the urban temperature structure of the city of Aachen. Especially in the inner 
urban districts of Aachen a closer network of routes would be helpful to analyze the 
micro-scale climate situation and its inﬂuencing factors in different urban districts. 
Since the relationship between temperature and land use factors is not constant over 
space, a local regression model, e.g. geographically weighted regression with adaptive 
kernels, may be an option to tackle all peculiarities and non-stationary processes. This 
approach would only be reasonable if enough data could be surveyed at a local scale. 
Furthermore, this approach may minimize options for transferability of the model 
approach to other urban areas.  
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An even higher resolution could be obtained by using temperature loggers with a faster 
temperature adaption. Nevertheless, factors which determine the feasibility and 
transferability such as size, weight, price, accuracy and response time of the measuring 
instrument were weighed up against each other carefully in order to facilitate the 
establishment of the method in other cities.  
A higher resolution could also be achieved by a higher density of predeﬁned points. 
However, this measure would also have various disadvantages. Since a driving speed of 
at least 5 m/s is needed to ensure sufficient ventilation, data recorded at lower speeds 
are not considered. Establishing a higher density of predeﬁned points will not increase 
the amount of available data in total nor provide more data for a particular location. 
Artiﬁcial ventilation would not solve this problem either because in case of traffic jams 
or longer stops at bus stops, waste heat from the bus itself or other cars cannot be 
controlled properly. 
 Contributing factors: The incorporation of wind direction and wind speed which may 
modify the UHI (VICENTE-SERRANO ET AL., 2005) could further improve the model. 
However, it may be difficult to determine these factors due to the high variability and 
unpredictable turbulences of air masses near the ground. Also it would be challenging to 
incorporate these volatile factors into a stable geo-statistical model. 
 Collinearity: The partial collinearity between predictors has not fully been accounted 
for. A principal component analysis (VICENTE-SERRANO ET AL., 2005; ABDI AND WILLIAMS, 
2010) could be an alternative in order to deal with inter-correlated variables. By these 
means the problem of similarity between predictors could be addressed and “loadings” 
of principal components could then be used instead of coefficients relating to original 
predictors. 
 Temporal resolution: Due to logistic issues and the dependence on scheduled bus rides, 
mobile measurements could not be performed during the whole night. However, due to 
the fact that high nighttime temperatures may cause adverse health consequences while 
at the same time the intensity of the UHI is especially pronounced at night (MCGEEHIN 
AND MIRABELLI, 2001; OLESON, 2012), nocturnal measurements need to be added in 
ongoing investigations.  
The URBMOBI research project (SACHSEN ET AL., 2014) builds on the presented approach by 
advancing the mobile measurement unit. This unit will be able to map a spatially and temporally 
highly distributed data set by integrating state-of-the-art sensors for environmental variables. 
The unit will be devised and engineered for mobile usage on vehicles of public transport systems 
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such as buses, trams or taxis. Recorded data on position, air temperature, relative humidity and 
incoming solar radiation are transmitted by telecommunication networks for an easy data 
handling. The integration of the data into real-time climate and air quality models will provide 
climate services and environmental data for a wide range of applications. 
The present study is also the first assessment of climate change signals of extreme temperature 
and precipitation calculated by climate change projections for the 21st century for the city of 
Aachen. The results are relevant for urban planning measures for the area under investigation 
and more generally as a case study. For this reason, the city of Aachen has already incorporated 
the results from this study in its urban land use plan. Climate change adaptation and mitigation 
therefore have attained awareness and importance also promoted through this study since the 
new master plan of the city of Aachen incorporates issues related to climate change adaptation 
and mitigation into administrative action in urban development (KETZLER ET AL., 2013). 
The evaluation of RCM in terms of the future development of those weather types which are 
related to above-average temperatures would provide information on the cause of future heat 
load in the city of Aachen. This could shed light onto the question to which proportion elevated 
temperatures may be mainly ascribed to the overall global warming or to changing circulation 
patterns. Although heat load is mainly a challenge for conurbations, the investigation of 
contrasts between urban and rural climate may be helpful to quantify the urban influence on 
climate change.  
Since heat waves are the deadliest of all weather emergencies in Central Europe (STÉPHAN ET AL., 
2004), future studies must also aim at relating elevated air temperatures to social attributes (e.g. 
diseases due to heat stress, especially affected population groups, population structure, social 
networks), air quality and bio-meteorological aspects. The latter would require physiological 
parameters such as the human energy balance which cannot be extracted solely from RCM data. 
A sensitivity study including social, economic and environmental aspects would be necessary to 
identify the most efficient options for action and to convince the local authorities to invest in 
climate adaptation measures and to foster the collaboration between science and practice 
which is crucial for sustainable urban development and public health. 
The investigation of urban climate remains a dynamical field of research by itself. Regarding 
regional aspects the scientific work should not be confined to the city of Aachen but rather be 
extended to the whole region of Aachen since a regional climate mitigation and adaptation 
strategy may be the most sustainable way to reduce climate change impacts and to preserve life 
quality both in the city of Aachen itself and in its surrounding.  
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This study addresses the air temperature distribution within the city of Aachen to identify those 
areas where high levels of thermal load are likely to be observed. Therefore, a mobile 
measurement network is set up. The observations are used to model air temperature patterns 
for the whole city area by a statistical regression approach. Significant correlations are 
determined between air temperature and terrain height, building density, surface sealing, forest 
and green spaces. The analysis for the months May-September shows that the UHI is most 
pronounced in industrial areas with a high degree of surface sealing during daytime while the 
inner-city residential quarters with a dense building structure show the highest thermal load 
during the evening. The spatial structure of the modeled temperature distribution is in 
accordance with the spatial structure of the surface radiant temperatures from a thermal image 
over wide areas of Aachen supporting the idea that surface temperature airborne data also 
deliver useful information regarding patterns of air temperature.  
A multi-model ensemble of regional climate projections (A1B scenario; REMO, COSMO-CLM, 
WETTREG and STARII) is used to estimate the climate change signal in terms of temperature and 
precipitation for the summer months June, July and August until the end of the current century. 
Since the combination of heat and high moisture content in the ambient air is assumed to 
adversely affect human health, the equivalent temperature is employed as an indicator for heat 
stress. It is applied to identify heat waves. Based on the median realizations of the model runs, 
further warming of 3-4 K and an increase in variance may provoke heat waves that are likely to 
last longer and occur more often in future whereas their intensity has not been found to change 
signiﬁcantly. An increasing number of heat waves is concurrent with a decreasing amount of 
rainfall in the summer months until 2100. Analog to heat wave events dry periods are expected 
to occur more often and to last longer compared to the period of 1971–2000 which may cause 
failure of crops and an increasing demand of irrigation water. 
Mixed and meridional circulation types can be ascertained to the heat waves identified for the 
period of 1971 to 2000. Weather types with a high pressure center over Central Europe and 
eastern weather types bringing warm and dry air to Europe are likely to increase at the expense 
of westerly weather types. The finding indicates an amplification of heat load in future due to 
the variability of weather types with global climate change.  
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11 Zusammenfassung 
Vorliegende Arbeit befasst sich mit den Temperaturmustern innerhalb der Stadt Aachen und der 
Identifizierung potenziell thermisch belasteter Gebiete. Temperaturmessungen, die bei mobilen 
Messkampagnen erhoben wurden, dienen als Eingangsparameter für ein statistisches 
Regressionsmodell mittels dessen die Temperaturverteilung in der Stadt Aachen simuliert wird. 
Signifikante Korrelationen ergeben sich zwischen Lufttemperatur und der Geländehöhe, 
Gebäudedichte, dem Versiegelungsgrad, und den Wald- und Grünflächenanteilen. Die Analyse 
für die Monate Mai-September zeigt, dass Industriegebiete mit einem hohen Versiegelungsgrad 
die höchsten Temperaturen am Tag aufweisen, während dicht bebaute Gebiete in der 
Innenstadt vor allem abends und nachts hohe Lufttemperaturen begünstigen. Der Vergleich mit 
Oberflächenstrahlungstemperaturen zeigt eine gute Übereinstimmung der räumlichen 
Temperaturmuster in weiten Teilen des Stadtgebietes. Daraus lässt sich schließen, dass 
Oberflächentemperaturen sehr wohl wertvolle Informationen hinsichtlich der Lufttemperatur 
liefern, auch wenn sie in bestimmten Fällen stark voneinander abweichen können.  
Ein Multi-Modellensemble regionaler Klimaprojektionen (A1B-Szenario; REMO, COSMO-CLM, 
WETTREG, STARII) für die Sommermonate Juni, Juli und August wird ausgewertet, um ein 
mögliches Klimawandelsignal für die meteorologischen Größen Temperatur und Niederschlag bis 
Ende des Jahrhunderts ausfindig zu machen. Der gesundheitlichen Relevanz hoher 
Temperaturen in Verbindung mit hoher Luftfeuchtigkeit wird dabei durch die Anwendung der 
Äquivalenttemperatur als Indikator für Hitzebelastung und zur Identifizierung von Hitzewellen 
Rechnung getragen. Basierend auf den Medianrealisationen der Modellläufe wird von einer 
Temperaturzunahme um 3-4 K -einhergehend mit einer stärkeren Streuung der Temperaturen- 
ausgegangen, was zu häufigeren und länger andauernden Hitzewellen führt. Eine Veränderung 
bezüglich der Hitzewellen-Intensität konnte nicht festgestellt werden. Abnehmende sommer-
liche Niederschläge und ein vermehrtes und längeres Auftreten von Trockenperioden können 
zudem zu Ernteeinbußen und zunehmendem Bedarf an künstlicher Bewässerung führen. 
Die Hitzewellen, die zwischen 1971 und 2000 identifiziert wurden, traten bei gemischten und 
meridionalen Zirkulationstypen auf. Die Modelldaten geben Hinweise darauf, dass in Zukunft 
diese Wetterlagen mit einem Hoch über Mitteleuropa und Ostwetterlagen auf Kosten zonaler 
Zirkulationsmuster zunehmen, was ein weiteres Indiz für vermehrte Hitzebelastung in der 
Zukunft ist. 
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